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PREFACE 



The Sixth Joint Meeting of the U.S. - Japan Panel on Hind and Seismic Effects was held 
In Mashington, D.c. on May 15-17, 1974. Tliis panel 1« one of the twenty panels in the U.S. - 
Japan Cooperative Program in Natural Resotirces (OJNR) . The OJNR was established in 1964 by 

the U.S. - Japan Cabinet-level Conunittee on Trade and Eiconon^ic Affairs. The purpose cf the 
UJMR is to exchange scientific and technological information which will be mutually beneficial 
to the eooncnies and welfare of both countries. Accordingly^ the purpose of the annual joint 
naating of this panel is to exchange technical infomation on the latest research and develop- 
ment activities within govermmntal agencies of both countries in the area of wind and seismic 
effects. 

The proceedings include the opening remarks, the prograai, the formal resolutions, and 
the technical papers presented at the Joint Meeting. The papers were presented in the respec- 
tive language of each country. The texts of the papers, all of which were prepared in English, 
have been edited. The remarks made by the delegates during the opening session were recorded 

and tr^ari.srribeii . The fomaj rf^sci ! utior.s werf; draftpd at the closing session of the Joint 
Meeting and adopted unanlnously by the panels o£ both countries. 

Pages of the technical papers are numbered with a prefix corresponding to the Theme 
nunbar. The texts are consecutively numbered in each theme. 



H. S. Lew, Secretary 



U.S. Panel on Wind and 



Seismic Effects 
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SI Conversion Units 



In view o£ present accepted practice in this technoiogical area, U.S. customary units 
of nBaauzeiiientB haw hama used tbroughout this raport. It should b« notsd th«t th« U.S. is 
signatoiry to the General Conference on Heights and Measures which gave official status to 
the metric SI system of unite in 1960. conversion factors for units in this report are: 



Custcsiary Onlt 



International 
ist), mxT 



Conversion 
hpproaciiaate 



Length 



inch (in) 
foot (ft) 



meter (iti) 
meter (m) 



1 in=0.0254iii 
1 ft= 0.3048m 



Force 



pound (Ibf) 
kilogrsB (kgf) 



newton (N) 
newton (N) 



1 lhf^4.448N 
1 kgf«9.807l) 



Pressure 
Stress 



pound per square 

inch (psi> 
Kip per square 
inch (Ksi) 



newton/meter 



newton/meter 



1 psi-6895M/B^ 



1 ksi=6895xiO^N/m^ 



Energy 



inch-pound (in-lbf) 
foot-pound (ft-lbf) 



joule (J) 
joule (J) 



1 in-lbf-0.1130 J 
1 ft-lbf=1.3SS8 J 



Torque 

or 

Eendiriq 
hkjment 

Weight 
or 



pound-inch (Ibf-in) 
pound-foot (Ibf-ft) 



pound <lfaf) 



newton-aeter (N-n) 



kilogram (kg) 



1 lbf-in«0.1130 Vhn 
1 iiif-ffe-i.assa N-« 



1 lb-0.4536 kg 



Pnit Weight 



pound per cubic foot 
(pcf) 



kilogram per cubic 



1 pcf«16.018 kg/m 



Velocity 



foot per second 
(ft/sec) 



meter per second 
(ai/s) 



1 fps= 0.3048 m/s 



Acceleration ff»t per second per 

2 

second (ft/sec ) 



meter per second per 
second (m/s^> 



1 ft/see^-0.304S «i/s^ 



Wr may be subdivided. A centimeter {cm) is 1/100 m and a nilliaeter (am) is 1/1000 m. 



Exact 
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The Sixth Joint Meeting of the U.S. - Japan Panel on Hind and Seianic Bf fecta 
was held in Washington, D.C. on Kay 15-17, 1974. The proceedings of the Joint 
Meeting include the opening renames, th« pKogran, the foxnal resolutions, and the 
technical papers. The subject matter covered in the papers Includes extreiK winds 

in structural design; assessment and experlmer'- t 7 ''echniques for mea-^nrina wind 
loads; dynamics of soil structures and ground response in earthquakes; structural 
response to wind and earthquake and design criteria; disaster mitigation against 
natural hazards; and technological assistance to developing countries. 
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OPBHING BBIBBXS BY DR. BRNBST AHBUiR 
DBPOTV DZBSCrm, mTZONAL BUBBMr OP STAMDMDS 

Counselor Uchida, Mr. Nagao and distinguished guests, common interests are the bonds 
bcawoLti individuals and between nations. We at the Naticr.a! Biiroau of Standards, as fellow 
membeiG of the scientific coiriDunirv and your hosts, welcoirie you and hope you find your stay 
pleasant and profitable. Our laboratories will be open to you, and the staff will be happy to 
talk with you about any problems that Interest you. 

In the pursuit of scientific Infotnation on wind and seiemic effects, you are travelling 
lUce the wind to tin four coznarB of the earth. This sane pursuit of scientific knowledge has 
led nany Bureau scientists to become world travelers as they studied, for instanca, the engi- 
neering aspects of ttue 1964 Alaska earthquake, the 1971 San Fernando earthquake, and the 1972 
Managua disaster. 

Our two nations, bordering as we do on the Pacific Ocean, the borders of which show 
considerable seismic activity, are interaated in developing design nethods and criteria for 
building struetures that will batter withstand wind and shock. Both of us individually 
conduct research programs, but we are here today to make our programs more effective through 
cooperation. Ws think this la a vary important undertaking and we are very happy that you are 
here today, and again, waleeme you to the National Bureau of Standards. 



OPENING REMARKS BY MR. ISAO I'CHIjA 
COUNSELOR, EMBASSY OF JAPAN 

Ladies and Gentlemen, 

It is nor great honor to be given the opportunity ce say a few words at the opening of 
the Sixth Joint Meeting of the UtIMR panel on wind and seismic effects. 

Thf tJnitc-J States and Japan have very close cooperative relations in every facet of our 
activities- Science and technology is not the exception. Now vk have tlie U.S. ~ JapaJ) 

coomittee on scientific cooperation and the U.S. - Sitpem Committee on Medical Science, as 
well as UJMR. 

Many activitiea auch as exchange of scientists, joint seminars and joint research are 
being carried out actively and aff actively under these cooperative programs. Na have alao 
very close cooperative programs in the area of SO called big sciencesi puclear development 
and space ci'^veiopmcnt. In addition, the new cooperative agreement on energy research and 
developnent will be signed in the near future. 
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The Japanese government has i3«en making con^^i'lwrable advafT-prnpnt. in research and develop** 
ment of science and technology by realizing that science and technology play an important role 
in the progress of the national economy and the improvement of the welfare of the people. At 
the same time, we understand that the science and technology belong to all people in the 
world. From this point of viaw, wb have devslcped a policy to pronots intoznational coiipcra- 
tion in research and development of science and technology. I hope and believe that our 
cooperative effort in science and technology contributes not only to the prosperity of both 
countries but al«o to the welfare of all people in the world. 

lUNR has already narked its ten year history and the second five year report is presently 

in progress. At present, we have twenty working panels under UJNR progr^*™-? who sre producing 
valuable information. I believe this is the result of the efforts by many concerned people 
from both countries. 

In ragacd to the natter of wind and seisnic effectsi which is handled in this panel, 
although I an a layman in this field, I know that the U.S. and J^ian are the two leading 
countries in the field and all nenbers here are the experts of both countries. Z believe in 
the success of this panel and the hope for future developaents. 

I should like to express my heartfelt gratitude to each and all of the participants, 
especially to Dr. Ambler, Dr. Pfrang and other American panel members. Dr. Lew and other 
secretariate staff, for their great contribution toward maXing the arrangements and for their 
warn hospitality to the Japanese members. 

Thank you. 



OPENING REMARKS BY DK. EnWARP 0. PFRANG 
CHAIRMAN, U.S. PAIIEL 

Nr. U<diida and Mr. Fujisawa, Z would like to thank you and the Japan SAbassy for all the 
'assistance you have given us, not only with respect to this panel meeting but all the past 
meetings. To Mr. Nagao, Z would like to congratulate him on the outstanding panel which he 
has brought with him to the Joint Meeting. Z have had a brief opportunity to begin studying 
the papers and I £ind them to have excellent technical contributions. 

I don't know how many people in this room realize the fact that this meeting was almost 
not held. On Hay 9th, a Richter 6.3 earthquake took place 100 kilometers from Tokyo. Had it 
been on the Kanto plane, this meeting wotild have definitely been eanoalled. mils is one 
measure of the need for our joint study. Following the San Fernando earthquake of 1971, 
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Dr. Pukuoka, former chairautn of the Japan Panel, led a team of dlstlngnisheill Japanese engi- 
neers and scientists to the United States. X believe that you in Japan learned nuch Cron our 
sad experience. He look fbrwaxd to learning from you, on the occasion of the 7th Joint Meeting, 
your lessons from the Xsu earthquake. 

Another ares of our cooperation whicti needs ttj be mentioned retjarris our work with devel- 
oping countries. We have scientifically coopeiated in Fecu. We appreciate the great kindness 
that you have shown to us in regard to our efforts in the Philippines. It has been very kind 
of Mr. Magao and Dr. Okubo and others to meet with our people in their efforts with regard to 
the Phillipines and to provide their counsel. 

Ite have accomplished much through our UJNS Program. However, trtien we consider the loss 

of life in San f'ernando and l7.\x, and when wc al^o take into account the fact Uiat on Hay 3rd 
approximately 300 people lost their livea in tornadoes within the U.S., there is much that 
remains to be done. Thank you very much. 



OPEMIHG REMARKS BY MR. HITSURU MAGAO 
CHAIRMAN, JAPAN PANEL 

Dr. Ambler, Or. Pfrang, members of the U.S. rar.el and guests, I fool very honored to have 
this opportunity to express my qreetinq.s on behalf of tha Japan Panel. I also would like to 
express iry appreciation for t'm-j qreat efforts nade by Dr. Pfrang and all other U.S. Panel 
fiu^mberu preparing for the Sixth Joint Meeting. 

As you know, in onr past five joint meetings many topics concerning important wind and 
seismic problems have been presented and discussed. The valuable results from these meetings 
have been highly evaluated at the UJNR Conference. At this Joint Meeting, as many as thirty 
three technical papers have been submitted. This clearly Indicated continuing tireless 
efforts of the menbers of hath sidas for the success of our program and I am assured that we 
shall end our neotiiig with fruitful rr:.=,ults. The fear of wind and eart/iquake will not di- 
minish from mankind. We hope that we can continue our efforts toward our mutual goals. 

In closing, X would like to express gratitude for the cooperation and the assistance 
of the U.S. Embassy in Tokyo and the Japan Bmbassy in Washington, D.C., the National Bureau of 
Standards, and others, expecially Dr. Pfrang and the Secretary of the U.S. Panel. Thaiik yon 
for your kind attention. 
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SIXTH JOINT HSBTING VHOfOSSD RESOUITIONS 



Both delegations proposed the following formal xesolutionB at the conclusion of the 
Sixth Joint Meeting of the U. S. - Japan Panel. 

1. That the Sixth Joint Meeting was of great value to both sides and the joint 
progran should continue. 

2. That the next Joint Meeting ehould be held in Tokyo in 197$, preferably in May, 
and that the taohnieal saaslona shoold be extended to three daya. 

3. That increased effort should be made in the near future to encourage joint 
research programs, expccially in the area of the mutual utilization of researcJl 
facilities and the exchange of researchers. 

4. That the scope of the activities of the Joint Pamel should be expanded to Include 
areas of mutual interest in seismic risk analysis as related to earthquake 
^edletion. 

5. That efforts should continue, or be inqplemented, to publish the proceedings of 

p.Tst Joint MrfttintjK in the ^nSlln^-^ i rnunVrif^s and in.lk«» thcmi available tO the 

respective engineering and scientific professions at large. 



XX 



Digitized by Google 



ON TH£ GUST RESPONSE Of L0NG-SPM4 SUSPENSION BRIDGES 



by 



N. Marita 

chief. Structure Scctior. 
Public Works Research Institute 
Ministry of constrtietion 
Japan 



K. Yokoyama 

Roiiearch Engineer 
Structure Section 
Public Works Research lnstitut:e 



in the design of above-ground structures it is established practice to con- 
aider the effects of wind. For some structures, like long-span suspension bridges, 

the infltonce of wind may be the primary design control which will then govern 

the laiiercnt safety of the structures and the final conGtruction cost. 

This paper, thereforei will describe the required changes in design specifi- 
cations to incorporate the influence of gusts on long-span suspension bridges. 

The i.r cessaiy numerical calculations are illustrated in adciition to some 
long-^> :ti observations or. the Kanmon Bridge, The in^rtance and necessity of 
studies on gust response are emphasized. 

Key Hordsi Bridge; design; field data; gust response; model; specifications; 

structure; theory; wind. 
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INTRODUCTION 



Maeaaalty of Study on Gnat ttesponsa ef a strpetmna 



Hhen one considers wind effects • its fluctuation must be relative to time and space. 

The time fluctuating wind tends to introduce forced random vibrations in above-ground 
structures. This necessitates consideration of some dynamic magnification effects applied 
to the static response of the structure. The spatial fluctuation of wind tends to decrease 

the probability that the windi with nean speed, attacks the entire structure at the sane 
time, thus some modification may also be necessary in order to include this effect. 

The determination of the response of a structure to wind, as based on a statistical 
concept relative to a stationary time series, was introduced by A. G. Davenport in 1961, 
This concept has since bean adopted into the design specifications for building structures 
in Denmark and Canada. The importance of gust response in long-span suspension bridges 

w-15 alLO suggested by Davenport and the nignif ication effect due to gustineSB was eSti- 

mattu iiis throe or more times that of the static response. 



The gust response in suspension bridges, relative to buildings, points out the follow- 

ingt 



(i) The structural configuration of a bridge is far more complicated, as 
compared to a building structure, i.e., the cable and the suspended 
structure are composed of horizontally long elements, and the main 
tower is conposed of vertically long elements. 

(ii) The damping capacity is small, compared to a building structure. 

(iii) The geographical location of the bridge inhibits one for obtaining 
aerodynamic characteristics by analytical methods. 



Moreover, the accumilation of statistical data of natural wind is minimal and it may be 
dangerous to utilize a statistical theory. 

In order to solve this difficult problem, it is necessary to study the following 

thMBSSl 

(i) To evaluate the Statistical characteristics of wind, especially 

strong wind. 

(ii) To evalxiate the structural and vibrational characteristics of long- 
span suspension bridges. 

(iii) To evaluate the aerodyna.iiic characteristics of brige sections. 

(iv> 'To improve the inetl«id of statistical analysis. 

(v) To accumulate teat data, as obtained during the obaervation of the 
gust reaponae of real struetures, and to oonpara these with the 
theoretical reeults. 

In this paper itena (ill , (iv> and (v) will be preaented. 

Gust Romx>nse and Design Specification s 

A wind resi:;tarit design 3p<::ci f ication , for long-span suspension bridges, was first 
presented in 1^7 A for use in tlie design of tJie proposed Honshu-Shikoku Bridge. This 
specification was developed by a Technical Advisory Committee of the Japan Society of 
Civil Engineers. However, these initial design specifications, which have been applied 
to bridges of 150 meters in length or less, have not specified dynamic effects due to 
wind loading. Subsequent modifications to the specifications have since occuzxed through 
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consideration of recent research activities. The baeie for the (1964) specification and 

subsequent revision (1972) will now be presented. 



U) Wind Resistant Design specification (1964) Cor the proposed Honshu- 
Shikoku Bridge 

In this specification Uie design wind load is defined as Pj = 1/2 x pV^^ AC^, 
where denotes design wind load, :: air density, drag coeffi ient, and A the 
exposed area of the structure per unit length. The design wind speed was derived 
relative to the basic wind speed Vjo as given by» = v^q x ^ ^ x where is 
a modification factor for Vj^q and takes into account the altitude of the structure, 
and it is assumed to satisfy the power law. The second inodification factor ^2 
relative to the wind gustinsss and was determined by making the following assuoptlons* 

The instantaneous wind speed parallel to the mean flow, at an arbl^nry point, 
is the sum of the mean wind speed (V^} and the fluctuating wind speed <V^}, averaged 
over (s) seconds or; 

^t ^ ^s * ^t ^s ■*■ i ^i ^^i^ * 
i 

The wave length Lj, which corresponds to tlie circular frequency , may then be 
written as = \' ?L = VJt, , where T- ~ il. The lateral scalo of turbulence B, 

corresponding to w^, is assumed to be_lA times L. and equal to the horizontal length 
of the structure B. Then, s • k x b/V^. 

The relation between mean wind speed and the averaging time of the wind speed iS} 

^s^z = (S/600)-^ , r = r^(Z/7.o)"°-'*^ 

where is the ten minute averaged wind speed at the height of 10 meters, and the 
coRStant = 0.090 at = 12.2 meters. From the above equations the gust response 
nodificaticn factor ^ obtained ast 

rj « V^/Vjj ■ (600 V^/kB)'/*"' 

where varies according to v^^ and the power index p, r varies according to the 

altitude as noted previ - . \:'~^r. V ^ 40 m/s , the power index p = 1/6, which are 
the values that are assiii-iud in L.i-i calculation of the modification factor i 2- 

However, as mentioned above, the (1964) design specifications did not take into 
account the ^rnamic diaraeteristics of the structure. These coitsiderations will now 
be presented, 

(ii) Wind Resistant .^sign specification (1972) for the proposed Honshu-^ 

ShLkoku Brxdge 

More than ten years have passed since the wind resistant design statistical con- 

copts woro firs^ i^ror-osod by D'lVf^nr.ort . Though th<» concept han h<>f»n nppli«? <-,o fcho 
buildina strjcfdies in Dcrunirk and Canada, it has :i:>t bfon fi.stablished in Japan. In 
developinq tho 1972 speci f i c.^ci on , a preliminary study was first conducted using the 
Stationary tiri<"^ setifs theory. The- noditication facLoi fcr t!io cust response was 
then evaluated and found to equal 1.3 to 1.5, for the lateral bending nonent of stif- 
fening frames of suspension bridges with center span lengths of 500 to 1,500 meters. 
lio'.v<sver, there ic no evidence oi iiiducod lateral vibration of real bridges, therefore, 
the- dyrioiriic rGsjxinsc cffovt tiis atiffoninq frame or the structure was neglected in the 
ricdif ication factor Yt' v.'hi ch qav>_> a value between 1 . I'l and 1.1'>. This revised sptsci— 

fication, which oonsidered statistical characteristics of wind, still remained ambig" 
uous. 
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COST RBSKUiSE OF A SUSPENSION BRIDGE 

Fqndmw nt«l Bguatlons and Soma l>aiiiarkj6_oa th» Mtawrleal Ciilc«lj»ti.qna 

The fundamental equations for evaluating the gttst response Of a suspension bridge will 
now be introduced without preaanting the details, 

(i) Stcuctoral Analysis of the System 

Lateral niotion of the systen was analyzed by use of the so-called finite element 
method. The fundamental equation of the system is given by; 

dx^ dx'' 

H^--«(, + — (U-AT) 

and the mechanical admittance for r^'^ mode of vibration is; 

Hj.(n) 2 - 1 - {P/Py)^)2 + 44j,^(P/P^)2j 

The fraction of daaplng was assumed as _ 



*o '■aero * 2" ^^co 32"nuiy 

(ii) Spectral Density of wind Force 

The mean wind force P corresponding to the mean wind speed V_ is 

- - 2 

P - 1/2 PV^ C^A 

The mpmctrmX denelty of the w-eaiaiponcnt was c^valuntcd by Hino'e foxmula* namely, 

6KV^Q^ 2 
S„(n) - 0.476 — (1 + 

e - 1'169 X 10-^ — — (Z/10) " 
The cross-wind coxrelation spectrum was evaluated by Davenport's e^reasiont 



nien, the fq>ectrun of the fluctuating wind force is ej^ressed as; 



S (n> - 4 v'IkM , , 

a 

The aerodynamic admittance equation is given by vidcery's formula and is) 

|2 - (1 + 2(nD)4/3} -1 

(iii) Aerodynanuc Response 



':>:„(n). 



^e responae apectnin of the lateral bending moment of the stiffening frames 

iSf 

£^(-^, n) = y y./a)\H^(n)\^\j^{n]\'^ Av,(n) 
r 

where the joint acceptance J_{n) is given in the folXou- ng form; 
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Ibe variance and effective frequency for the bending moment are given as; 

o r o 



m 
o 



The eiqpected value of the maximum response is 9^ (^>'^q^(^) > where 

■ t21n{v (J0T}J*^' 

tn 

Finally, the modification factor for the wiiid sijued relative to bending jnoaent is 
ejqpressed aai 



The above equations were incorporated into a computer program. The accuracy of the 
numerical procedure was examined relative to the following terns and expressions; 

(1) Terns VyUl), u^Ol), Hj.Vki, Q^iH), H(lk), and Q Oil 

(ii) Double integral in the joint aeeeptanee 

(lii> / (... n)dll and n) 
o r 

ILIJDSTSATIVB RXMI»t£$ 

Symmetric suspensioii aridges oonsistinq of_Three Sttspended ^ans with Hing ed 
Stiffening rramee 

Numerical calculations were made relative to six model designs, the essential prop- 
erties of which are given in Table 1. The maximum bending moment occurs near x/L = 0.2 
for t-lie LLSOO modelr with the peak nxjment moving gradually toward the span center as the 
•S»an lengths decrease. This means that the influence of the cable against the wind 
loading increases proportionally with the span length. The modification factor for 
the various bridges is shown in Figure 1. In general, does not vary« exospt for the 
L1500 model, and has an average value of about 1.35. 

g.:i-ret :ti_ 3 ^ pension Bridges Consisting of Three Suspended S|>aas with continuous Stif- 

fuii-iici Franc:;. 



The suspension Lriayto w;.i.;;i: t.ave continuous stiffening frames, that were analyzed, 
ere detailed in Table 2. The resulLin j nvodif ication factor Y for these bridges is given 
in Figure 1-1. The characteristic feature of the oontinuous suspension bridge is that Y2 
inereasea around the point Jt/L 0.2, where the banding aomant changes its sign. It also 
eiipears that Y2 increases gradually along the end of the side span. 

It should be noted that '/ikj rro'3ification factor analyzed under the assumption of 
hinged suspension bridges is nearly equal to that of continuous bridges, except at the 
peak location. 

Effects of wind Characteristics on Gust Response 

Table 3 shows the effect of the wind characteristics on the modification factor. In 
this table the power index p« the surface drag coefficient K and the cross-wind correla- 
tion factor Jc are chosen as variables. The functions K and k appear to be the governing 
factors. 
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FZEU) OBSEBVATIOM OF THB GUST HESPONSS AT THB KANNOH BRXDGB 



Observation System at the Kanmon Bridge 



The instrumentation and data-recording system, designed to monitor aiiJ record wind 
speeds and direction as well as earthquakes, and to indicate thoir effects on the supor- 
and sub-structures of the bridge, has been provided by Japan Highway Corporation. The 
location of insttumants and elements axe shown in riguxe 2 and Table 4. The systea was 
placed Into operation last winter, just after the opening of the bridge. 

soias BKanyles of the Obeerved Data 

the original trace of the wind-induoed vibration of tiie Biq;>eT-structuze is given in 
Figure 3, vri. th the wind record at that time tabulated in Table 5. Table 6 shows the re- 
sults of a preliminary analysis. The natural frequencies obtained from the wind induced 
vibration record coincides with those obtained from field forced vibrations induced by a 
large scale excitor during tests conducted last September. However, the damping capacity 
could not be obtained from the power spectral density given in Figure 4. The daiqaing 
oapaci^* as shown in Table 6, was derived from the forced vibration test. The observed 
data will be analyzed and oospared with the Uieoratieal values in the near future. 



The authors have outlined the present status of a study on the gust response problems 
of long-span suspension bridges. In order to enhance the wind resistant design technique, 
vigorous research activities are neceissary relative to the wind cheuracteristics and aero- 
dynamic response of a structure. 

The Hontho-Shikolcu Bridge Authority is now conducting a field observation test by using 

a large scale section model of the beach of Tateyama, located at the south apex of the Boso 
Peninsula. These tests whould provide us with useful information about the gust response 
as wall as the flutter of a long-span suspension bridge. 



The authors arc indebted to Mr. Y. Xono and Mr. K. Noaiura for considerable help in 
doing numerical calculation. 
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Table- 1 Hinged suspension bridge model 



item 


model 


L1500 


Lnoo 


LI 000 


L800 


L650 




isfl j ^ \ 


span 


m 


1500 


1300 


1000 


POO 


650 


500 


chord distance 


m 


36 


36 


33 


33 


33 


33 


truss height 


m 


14 


14 


11 


11 


8 


8 


sag 


in 


150 


130 


100 


73 


59 


45 


lateral bend. 

rigidity 

(x lO"^) 


t X m 


1.200 


1.249 


0.923 


1.012 


0.731 


0.781 


dead weight 
of truss 


t/m 


20.28 


20,25 


19.32 


19.66 


19.01 


19.01 


dead wc i f;h T 
of cables 


t,''m 


n .40 




7 . 


s..r 


4.51 


:'.47 



Table-2 Continuous suspension bridg« nodel 



item 


model 


LI 100 


L890 


unit \ 


center span 


R 


1100 


890 


side span 


m 


260 


326 


chord distance 


IB 


32 


34 


sag 


ID 


100 


82 


lateral bend, 
ri gid i ty 

(x lO"*') 


t X 


1.637 


2.174 


dead weight 
of trusses 


t/m 


31.82 


44.51 


rieai? v.eif^ht 

of cables 


t/« 


15.91 


14.23 
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Table - 4 Instruments at Kannon Bridge 



Observation 
Item 


Measuring 
point 


Naxinum 
■CMurlng 

range 


Instruments 


Number 
of 

instruments 


Nianber of 

elements 


Rate of 

sampling 

(fr«4./aee) 


per 
M.P. 


Total 


Aeeelera- 
tloa 


Ground 


±500 gal 


Submerged 
accelerometer 


3 


3 


9 




100 


Abutiaent 


±500 


Electro- 
magnetic 
accelerooAter 


4 


1 


4 


50 


Plot 


*500 


8 


1- 


8 


Tbwnr 


1500 


4 


1 


4 


Stlf fenln 
frane 


5 ±200 


Servo - 

accelerometer 


6 


1 


6 


2S 


Displace- 
nent 


Stiffen- 
ing 


Horizontal 
±2 n 

Vertical 
±2 m 


XY -Analyser 


1 


3 


3 


25 


Longitudi- 
nal 

±25 cm 


Differential 
transducer 


1 


1 


1 


25 


Hind 
•P«ed 


Stiffen- 
ing 
frame 


Horizontal 
60 «/8ec 

Vertical 
±10 m/ sec 


Super s<>nlc 
aneaoneter 


1 


3 


3 


25 


Wind 

direction 


Horlsoatal 
60 a/eec 

540' 


Propellar type 
anemomer 


3 


2 


6 


25 


Hind 

speed 


Top of 
Shinono- 

sekl 

t t:w^r 


Horizontal 
60 m/sec 


1 


2 


2 


25 


Wind 

directic n 


SAO" 
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Table " 5 Wind record at Kaninon Bridge 



Wind speed 


H.P. 


Order of observation 


(m/sec) 


1 




i 






A 


8.59 


8.95 


9.36 


9.02 


Hean 


B 


9.80 


9.99 


10.58 


10.23 




C 


8.88 


9.49 


9.65 


9.99 




A 


10.52 


10,75 


11.45 


11.97 


Maximum 


B 


11.93 


12.24 


12.79 


13.63 




C 


11.22 


11.39 


11.38 


14.86 




A 


6.21 


6.09 


7.26 


4.25 


Hlnlnum 


B 




S.88 


8.39 


4.11 




C 


6.74 


6.97 


7.85 


5.13 




A 


0.85 


1.22 


1.48 


1.97 


Standard 
deviation 


B 


0.89 


1.36 


1.66 


2.26 




C 


1.06 


1.42 


1.59 


2.41 


note N.P. 


- A the 


center of the center 


epan 





M.P. - B 40 m apart fron M.P. -.A to Shivonosekl 

M.P. - C the quarter point of Shimonoseki side 
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Tabl« - 6 NatQTftl frequcnetM and damping capacity 
of Kaimon Bridge 



Mode of 
vibration 


Symmetry 


Order 


Natural frequency (C/S) 


Logarithmic 

d Ad* yjMMAifti* 


Thcoraticel 


Obaerved (1) 


Obaerved (2) 


Vertical 
bending 


Synnatric 


1 


0.200 


0.212 


0.213 


0.0313 


- — _ 

2 




0.270 


t- 

0.298 


0.296 


0.0180 


3 


0«429 




0.4S0 




A 




0. S7fl 


0 S79 


w. VU7V 


5 


0.914 


0.918 


0.919 


0.0087 


AnCiaymnetrlc 


1 


0.152 


0.180 


0.178 


0.0501 


2 


0.375 




0.414 




3 


0.705 


0.740 


0.739 


0.0125 


Torsional 


Syanetrlc 


1 


0.384 


0.387 


0.388 


0.0129 


2 


0.766 


0.717 


0.721 


0.0126 


Antisvmnietric 


1 


0.492 


0.472 


0.468 


0.0162 



(Note) Theoretical natural frequenelea were calculated by Bleich'a nethod. 
Obaerved (1): field experiment with excitora 
Obaerved (2): wind Induced vibration 
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Fig. 1.3 Gust rcaponse factor (vj) 
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EXffKBMB HODS III MUSRZGMIBS AMD POSSIBILZn OP HQDZPyiNG THEM 



by 



R. Oeell (Sentry 



National Hurricane Research laboratory 
Weather Modification Progran Office 
Enviromiental Research Lahoratories 
tfational Oceanic and Atmospheric Adniniatration 
Hiami, Florida 



A hurricane {or similar storm called by other names) is tho most destruc- 
tive o£ natuxt^s phenomena. This is partly because of the extreme winds asso- 
ciated with the stonas (ranging up to 320 kllontetere per hour), hut also because 
the winds my eantinue Mowing £or several hourei and they are aeeoBpanied by 
rising ocean water, strong along-shore currents, and torrential rains. 

Discussions will be presented of the frequency of hurricanes of various 
intensities, the rate at which the wind speeds decrease after the storm crosses 
the coast and soves inland, the effect of the winds on the stosn surge, and the 
variation of the wind speed with height. 

Kor several years, members of the United States Govcriinvcjit have been experi- 
menting to reduce tlie majtiaiUB intensity of the winds of hurricanes. SuoiBiaries 
will be presented of the progress and future prospects for this work. 

Key Hords: Cloud seeding; freqtiency distribution; hurricanes; typhoon; wind; 



wind intensities. 
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INTRODUCTION 

Hurricanes are the laost destructive of natural phenomena. While severe tornadoes may 
have stronger winds, those in hurricanes last longer and affect much larger areas. In ad- 
dition, the- storr s'orqc, the associated strong coastal currents, and rain-induced floods, 
all coabine with the winds to make the nature tropical cyclone the most dangerous weai>on 
in mtora'* arsenal. 

Because of the great intensity of hurricanes and similar tropical cyclones that go by 
different najties in other parts of the world, the extreme winrls experienced at raany loca- 
tions are those that occur in hurricanes. This paper will discuss the maxinusi winds in 
hurricanes, gusts associated with these winds, frequency of extreme winds, rates at which 
tiie maximum mrinds decrease as the staom novas inland, variation of wind speed with helcpht, 
and pMSibility of noderating the hurricane t/j/ seeding the stonk. 



KMCtHUM WIMD SPEEDS IN HtntRICMIES 

It is rare that the maxlnun wind in a severe hurricane Is measured. Rarely is an 

an«ncincttir installed ir. ti.e area of maximum hurricane winds, and roost of them fail before 
the winds reach their peuk v«ilues in the more severe storms. As a result most of our 
knowledge of the extreme winds is based either on interpretation of wind force from the 
deaage or from knowledge of the pressure gradients in the stozns which have a reasonably 
close relationship to the wind speeds since the two quantities are related physically. 

A mnail but very severe hurricane with mininun prtiHsur--; at sea ievrtl of 20. Bj melius 
(90y mb) crossed tlie Florida Keys in 1935. MaxiTun winds w^re ^^stimated at about 200 mph 
from the types of damage. Hurricane Camille struck the Mississippi coast in August 1969. 
The nlnianm central pressure was 905 sib, or less, shortly before the storm reached tlie 
coast. A reconnaissance aircraft measured 140 knots while still several miles from the 
maximum winds while flying at 3 km elevation before the storm reached land. Again the 
maxinijjji winds were not rr_j_iared at a lai.d itatica, but were estimated at about 200 nph. 
Hurricane Janet (1955) crossed Swan Island in the Western Caribbean and the winds wwr* 
estlnated at 200 n(ph. it later struck Chetunal in Mexico where the minimum sea level 
pressure was 27.00 Inches (914 idft). The wli^s were measured at 152 knots (175 oiph) before 
the anenometer collapsed. 

U.S. Air Force Reconnaissance aircraft have measured flight level (3 km) winds at 170 
knots (197 mph) ir, ;ii least three different storms in the Pacific: Typhoon Opal, December 
1964, Typhoon Kit, June 1966, and Typhoon Nancy,. 1961. The reconnaissance aircraft have 
also measured nininum sea level pressures of 877 nib in Typhoon Ida, 1958, and Typhoon Nora, 
1973. In the Atlantic, the maximum winds neasured by the Research Flight Facility were 
157 knots (181 mph) in Hurricane Inez, 1966. Comparing the minimum pressure readings 
recorded in the Atlantic and Pacific would suggest that the extreme maximum winds in the 
Pacific from typhoons have probably exceeded those in hurricanes in the United States, but 
the writer has no knowledge of measured values at land stations in the Pacific exceeding 
the naxinuffl values quoted adbove. 



GUSTS IN KUKRICANE WINDS 

For certain types of structures the damage caused by winds is more a function of the 
gusts than of the sustained wind. If our knowledge of the naximum sustained wind (various- 
ly defined as the mean for an hour, mean for five minutes, fastest minute or fae-test mile) 
is inadequate, our knowledge of the maximum gusts is even less. Many weather stations are 
not equipped to measure the short period gusts, and usually estimate the gusts by observe 
ing the wind speed dial over a five to ten second period. 

The Royal Observatory in Hong Kong has usrd their re-rriii i-it,i ir.-ludiijq tViose mea- 
sured by a Dines Instrument to d«rive ratios of winds for various periods to the mean wind 
for an hour. The data in Table 1 was copied from a report by Faber and Bell (1963). 
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Hebert and Heumann (1973) have uaad data xmfOKtmA fay vMlher stations in the Unitad 
States to also study the gust ratios. Ihey condudad that the ratio varied not only with 

tile period of th« wind, but; with the speed of the wind. At lower wind speeds they found 
tJie ratio of tlis gust to the sustained wind to be in ijenerai agreeioent with the Kong Kong 
data, but at tho higher wind speeds it was of the order of 1.2. Their data are siirvnarised 
in Figure 1. The xegreasion line presents an saplrical relationship betirsen the steady 
wind and peak gust based on tiie available data. The major weakness in tlieir study other 
than not having a lot of cases is that the term gust and sustained wind are not rigorously 
defined, liebert exAsdned the weather reports received from stations ejtperiencing tropical 
cyclones during the years 1963-1970. In most cases the siuitaiaed wind mold be either the 
fastest ndnute or the fastest mile. The gust in a few oases my have been masured with 
■am special instnnsnt, but in siost cases would have been eatinated by the observe after 
exan-.inlng a recording of the BiMaioaeter oatpat or aftsr observing the wind ^eed dial read* 
ings for a few seconds. 



BXTRENB KIND FRBQ0BNCI68 IN KOnOCMIES 

The frequen'ry of extreme winds such as tliose describc-ii in tliu oariicr paragraphs is, 
of course, very low. The data m Figure 2 give an idea :iow often v;inds of certain broad 
categories nay occur in the United States. The number in the "A", "B" and "C belts tell 
how SHOty years during the period 1901-1965 a stom of the respective categories affected 
the various sectors of the United states Coastline. Hurricanes with a minimum central 
pressure 29.00 inches (982 mb) include the stornis whose maximum winds usually exceed 
85 nph (38 mps) ar.d whose maxinum stom surge usually exceed 6 feet (1.8 m) in height. 
Hurricanes with a minimum central pressure less than 28.25 inches (957 mb) include the very 
intense hurrieanes in which tlie aiaximim height of the etom surge will be 10 to 15 feet 
(3 to 4.7 sO or sore sbove mean sea level in the sectors illustrated/ and in whi<A the nax- 
iraum wind velocities will exceed 120 mph (54 mps) . 

The general subject of recurrence of extreme winds has been studied by Thorn (1960) . 
Figure 3 is reproduced txtm his report and shows the amnal extreaie-Biile 30 feet (9.1 m) 
above ground, 50-year mean reeuzzenee interval. His report includes similar charts for 
varying SMan recorcsnee inteevals. In his data tiie extrene winds along the Gulf of Mexico 
and Atlantic Coasts axe in seat eases from hurricanes. 



BEOUCTION IN UUMUCMIB WIKO SPSBDS AS STOBH HOVBS INLAND 

The hurricane wind speeds start decreasing soon after the storm crosses the coastline. 
The phenomena has been studied extensively by Malkin (1959) and by Goldman and Ushijima 
(1974) . Figure 4 is copied from the later repoVt and it includes the summary gust factors 
developed by NalXin. The Goldman wfX Ushijima report includes graphs similar to Figure 4 
for two ether atoms. There is, as should be expected, acme variation froa stom to stent, 
and frcm one locale to another. Tlio heavy broken arrow in riijure 4 shows the tracl-i of 
Hurricane Camille, 1969. Thti riuasiiers written on the horizontal lines show the percent of 
peak gusts at landfall at the respective locationa. Ihs "Malkin's Factors" listed at the 
left end of each line are from HalKin's study. 

Goldman and Ushijima summarize the results by writing, "The decrease in maxtoftm hurri- 
cane winde aftor landfall has been shown to bo both appreciable and variable. When com- 
pared with the earlier wori-:, the maximums m tha peak gusts of the three si jnificant 
Storms are in strong agreement with the general function of Malkin. However, the change 
in the two-dlmsnsional distributions of peak gusts inland reveals that a more complicated 
function than Malkin's is necessary The Goldman and O^jima study Showed consid- 

erable variation in gust factors between storms, so more studies are Mteded. 



• Prated by Gsntry (1966) and adapted fxam on earlier 6hart prepared by U.S. Heather 
Bureau (1957}. 
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VARIATION or HUnOCANE WIND SFBSOS WISB WSIOm 



Tha wind sfMeds in hurricanes vary with h«i9ht. Within a millineter of th« gretmd ttim 

wind is blowing vtrry slowly — even in a hurricane. The speeds increase with height up to 
some ufiknown but variable level which is believed to be between 300 smd 1500 feet (90-460 
m) . Above that level the winds in the belt of maximum minds for the storm decrease very 
slowly vp to six Xilooieters whsrs the sustainsd %>lnds «x« JtoxiMlly only 10 percent less 
than at low levels according to a study by HaMklns (1962) . 

Very iittle well documer-ted data are available siiowing how the winds in hurricanes 
vary from 10 meters up to 100 meters. Various assumptions have been used by engineexB and 
it is well known that the variation is a function of tha roughness of the terrain. 



During the past ten years the average annual danage caused by hurricanes In the United 
States has been about $450, 000 » 000 per year not Including the dannge from Hurricane Agnes, 

1972, which was largely from rain-induced floods. Because of this and because research 
over the last decade has suggested means by which hurricanes might be modified, there is 
extensive research and ejverumits to modify hurricanes. 

The principal damages from hurricanes csn be attributed to three causes: (1) destruc- 
tive force of the wind, (2) the storm surge, anJ C3) floods caused by hurricane rains. 
Results rrom the modification experiments conducted thuG far and the supporting research 
suggest that the maximum winds in hurricanes may be reduced 10 to 15 percent if ttie hurri- 
cane clouds radially outward from tha maximum winds are seeded with freezing nuclei. Since 
the force of tiie winds varies with the a^iMre of the wind s|^ed« this eould imsb a rsdue- 
tion of 20 to 30 percent in the force of the wind and In danages caused by the winds. The 
storm surge is the result of complex interactions of a nuAer of forces including the wind. 
More resoarch is needed in this area, but tlioro are reasons to believe that a reduction of 
maximum winds will also often result in a reduction of the atom surge. The rain-inducted 
floods will probably be little affected by the experiments. 

Table 2 summarizes the results of previous experiments to modify hurricemes. 

The only multiple seedings of the clouds near the eyewall made so far were in Uurri- 
eane Debbie. Gentry (1970) has reported the results. 

The storm was seeded 18 August 1969 five tines during a psriod of B hours. Before 

the first 3eediii;j tl.e ir,axin-.-ajn wlndc- were 93 >;nots (Figure 5). After the third seeding 
the maximum winds were considi>rably reduced, and by about 5 hours after the last seeding 
the naximum winds were down to 68 knots, which is a redttction of about 31 percent , 

The crews rested on 19 August, and by 20 August Debbie had regained intensity. At tiw 
beginning of operations on 20 August, the maximum winds were 99 knots, but the storm Struc- 
ture had changed considerably. The inner maximum was about 10 nautical miles from the 
center and tliu outur iraxinuni waa approximately 20 nautical miles (Figure 6) . The hypothe- 
sis requires that seeding be radially outward from the maximum winds. In this case it 
would mean starting the seeding runs at about 12 nautical miles and proceeding outward for 
about 30 more nautical miles. If the hypothesis is correct r this should result in a re- 
duction in the maxisnm winds in the inner maximm, but an Increase in the cuter maximum. 
This is precisely what happened. The inner maximum decreased radically during the day and 
the outer maximum increased slightly. The fifth and last seeding stctrt^d at about 20 nau- 
tical mile radius and proceeded outward; that is, it was radially outward from the outer 
wind maximum. The winds in the outer maximum then decreased and by about 6 hours after 
the fifth seeding the maximum winds were 85 loiots, idiidi is a reduction of 15 percent for 
the day. 

The changes in the storm following the seedings on 18 and 20 August are very encourag- 
Ing and are highly suggestive that the atom was modified. The natural variability of 



POSSIBILITY OF MODIFYING HURKICANES 
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hurricanes is «ttch, however, that we cannot be aure that th« changea observed were caused 
by tha saeding. 

Figure 7 shows the frequency distribution of 12-hour changes in maximum wind speeds in 
iiurricanes (see sheets, 1970). The changes are expressed in percent. See the horizontal 
axis. The data have been stratified according to the original intensity of the stortn. 
Notice that even a reduction of 15 percent is a very rare event for any of the categories. 

Wo have oxanl.ned the weather maps for 18 icvl 20 August an J have sought othc-r explana- 
tions f-r Ujrj rcdaw-iwi i;i Uie maximum winds. 0;i lb Aaguit Uit;rtj Wiii a trou'jh tliu upper 
troposphtire moving eastward at more northernly latitudes which probably did Attujt Debbie 
and may have caused part of its weakening. This would suggest, therefore, that the 30 per- 
cent reduction should not be attributed entirely to the affects of the seeding. 

Ir uiic ;;uti^iat;ris '-iit luii i>t:<4Ut;ii^._ uvuJiUs twX U.c- li ur r j. aau DuiuLU'- uauu, however, 

one cannot help but be impressed by the results. On 18 August the storm was seeded five 
times, and the maximum winds were reduced about 30 percent. On 19 August there was no 
seeding and the stom reintensified. On 20 August the storm was seeded 4 times in sudi a 
fashion as to cause reduced winds at the inner maximum and it essentially disappeared. 
The fifth seeding was in such a fashion as to cause reduced winds in the outer maxiimxm and 
a net reduction of 15 percent resulted. In view of the probabilities expressed in the fre- 
quency diagram, it is clear that such a sequence of natural events would be very rare. 

The data from the experiinents, and especially when badted up by calculations with the 
theoretical models, are highly suggestive that we do have an excellent chance of achieving 
beneficial modification of hurricanes to the extent of reducing the maximum winds by 10 to 
15 percent. Since the force o£ the wind varies with the square o£ the wind speed, a re- 
duction of. 10 to 15 percent of mairianiii wind speed %nuld mean a reduction of 20 to 30 percent 
in the maxinun foroe exerted by the hurricane, if dasiages can be reduced lay this much, it 
means savings of about $100 million per year for tha Uhited States alons. 
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MITIO OF VflNDS OF VARIOUS PERIODS TO HOURLY MEMI ITZMD 
(Data from Royal Obssrvatoxy In Hong Kong) 

Mcied of 600 8*o 300 mo 60 sac 30 aoe 10 wo S ««o 3 ««c Dims On»t 
Kind 

Ratio to 1.05 1.09 1.28 1.42 1.64 1.72 1.81 2.05 
Hourly NMn 



TABLB 2 

HI SBBnm BinaaicMiB cxooDfi 



Hurricane Esther 
Uurrxcane Esther 
Hurricane Beulah 
Hurrloano Beulah 
Hurrloww Mbfalo 
mcrlcflno Oafabio 



OAte 

16 September 1961 

17 Septend^er 1961 

23 August 1963 

24 Aoguat 1963 

18 ftoguit 1969 
20 AiigHflt 1969 



Mwdbor o£ SeecUngs 

1 
1 
1 
1 

5 
S 



i^roxiinate Maximum Wind 
Speed Change (Feroent) 

0* 
-14 

-30 
-15 



*8«ediag material dxoiv«d oatslda *saaddftla* oloote. 
(In addition, a luirricane waa saedad 13 OoWber 1947 and Huxrieane Ginger 

26 and 28 September 1971. The clouds seeded in these storms mre far renoved from the 
central core of the storm and had only weak or no vertical currents. Their seeding, there- 
fbra, should not have eausad midi dunga In the atorn'a Intansl'^ or strvetoro.) 
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Figure 1. Fmplrical Belatlonshlps Between Steady Mind and Peak GUST In AtUnClc 

Area Tto'oiral Cyclones. DotF .^.t^ d:U -. pointss. Solid line is regresaitm 
line drawn to fit the data. (I'rcpared by llcbcrt and Neumann, 1973.) 
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FRCQ'JLf.'CY CF H(JrifnCA!:Ei: AND TROPICAL STORMS 
PEHETRATtN'G Tlli: ATLANTIC AKD fiULF COASTS 

19 01 ~-19G5 




Figure 2. Frequency o£ hurricanes and tropical storms 
penetrating the Uaited States coasts »lon^ 
the Atlantic .mcl the Gulf of Hcxlco. 
(Gentry, 1906) 



Z>29 




Ftgure 3. Isotaeh 0.02 Quantlles, in Miles Per Hour. Annual Extrfioe-Hila 30 Ft. 
Above Ground, 50-Yr, Mean Recarrence Interval. (Thon* 1960) 



Figure 4. Percent of Peak Gusts at 
Landfall for CamiUe at 

Int <• : vr:l •. after Landfall 
(iO-iailc (16.1 km) 
incroinents from maximum 
are coaiputed at each inland 
line. Circled values are 
tnaxii-'in .it each time.) 
(Goldman and Ushijima, 
1974) 
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The highest winds reported in the United States have been associated 
with tornadoes. Fujita (1971) has developed a tornado windspeed/demage clas- 

svlicdUlon system which permits extreine wind estimations without folLow-up sur- 
veys. Fuiita 'jlcissi ficatj-onu of tornadoes for the 1965, 1971, and 1972 seasons, 
as well as extrcinc! wind values associated with thunderstorms and extratropical 
cyclones during 1973 are reviewed as they relate to ANSI building code require* 
nents £or design loads. Next, a new observational tool, an acoustic, doppler- 
shift "sonar" capable of prof 3 ling I'.'.v I'-vr-! vini-l r-r-ciT--'-. %t thp actual build- 
ing site, 15 briefly described. Firially, the iJioyo-^vd liCAA Sc-vcic Knviroriiriental 
Storms and Kesoscale Experiment (SESAME) is examined. SESAME is an observational/ 
research effort to identify the processes and controlling parauneters of extreme- 
wind generating severe weather systeas such as squall linear thtiinderstozns, and 
poaalbly tornadoes, «id to aid in the developsient of conceptual and auiwrieal 
Bodala of tiiese phenomena. 



Kay viords: Bulldj.r>g code; damage classification i extreme wind; tomadot wind loads. 
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TORNADCSS AMD BXTOBNB WXMQS 



The highest winds and the greatest wind-related str - t ji :! iriTrny! r±iar : ; ..r in the 
United States are associated with tornadoes. Since anemometers are seldom located in the 
InMdlata arM of » tornado and could not survive the highest vn.nds if they were, wind- 
speeds are estimated fron structural damage and by other subjective methods. Engineering 
estimates reveal, for exanple, that winds up to 350 nph lasting a few seconds are likely 
to produce the most tornado damage in the Midwest (t'ujita, 1971) . Based on estimated wind- 
Speeds and photographs of actual tornado damage, Fu^ita developed the following windspeed/ 
dmage relationships, designed to permit extreme wind estimations without fecial damage 
surveys. 

FO 40-72 nph, bIGBT OMIMSB 

Some damage to chimneys and TV antennaei braaics twigs off trees; 
pushes over shallow rooted trees. 

Fl 73-112 nph, MODBRhTB DAMAGS 

Peels surface off roofs; windows broken; light trailer houses pushed 
or overturned! some trees uprooted or snapped; moving automobiles 
pushed off the road. 73 iiph is the beginning of hurricana wind speed. 

F2 113-157 mph, CONSIDERABLE OAHAGE 

Roofs torn off frame houses leaving strong upright walls; weak build- 
ings in rural areas demolished; trailer houses destroyed; large treee 
snapped or uprooted; railroad boxcars pushed oven light object mis- 
siles generated; cars blown off highway. 

F3 158-206 mph, SEVERE DAMAGE 

Roofs and some walls torn off frame houses; sons rural buildings oom^ 
pletely demolished; trains overturned; steel-framed hangar-warehouse 

type structures torn; cars lifted off the ground; most trees in a for- 
est uprooted, snapped, or leveled. 

F4 207-260 mph, DEVESTAT1N6 DAMAGE 

Whole frame houses leveled, leaving i iles of debris; steel structures 
badly damaged; trees debarked by smaii flying debris; cars and trains 
thrown some distances or rolled considerable distances; large missiles 
generated. 

F5 261-318 mpb, XHCSBOIBtS OMIA6E 

Whole frame houses tossed off foundations; ■: i.etl-teinior ced concrete 
Structures badly damaged; automobile-sized missiles generated; incred- 
ible phenomena can eeeur. 

F6 319 nph to sonic speed, INCONCEIVABLE DAHAGE 

Should a tornado with the maximum wu.dtipeed in excess of F6 occur, the 
extent and types of damage may not be conceived. A number of missiles 
such as ice boxes, water heaters, storage tanks, automobiles, etc. will 
create serious seoondary damage on stmictures. 
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1973 TOBNADO SEASON 



^rtst year ZIO^ tornadoes occurred throughout the I'nitod "tates on 208 days, shatter- 
ing the old records of 929 tornadoes (1967) and 194 annual tornado days (1972) . Tornadoes 
wexa reported in 46 States, skipping only Alaska, Shode island, Utah, and Washington. 

The tornado saason bagan on January IB and andad «i Mew Year's five. Daring the in- 
terval, 87 people liere killed, 2481 injured, and property losses exoeaded $500 million. 
Texas l«d the Nation in tornado fatalities (14) , while Georgia recorded the most property 

damage, with estimates exceeding S150 million. Mo3t of the Georgia losses were the result 
of a single storm (March 31) , which moved east-northeastward through north-cantral Georgia 
causing extremely heavy and alaioat continuous damage along a 75-n)lle path. A State survey 
team eatinatad total damage at more than $113 million — the largest loss for any natural 
disaster in the state's history. 

More recently, during the afternoon and evening of April 3, 1974, an outbreak of tor- 
nadoes killed nore than 350 people in the United states and Canada in eight hours—three 
Huno as aany people as had been killed by tornadoes in the entire previous three-year 
period. The area hardest hit extended from northern Alabaa and Georgia, across Tennessee 

and KentucV:-/ into Indian;^ ^r.d western Ohio. In Xanis, Ohio a swath of alsnst cOMiplete de- 
vastation was cut through the center of town. 



As yciu kr.ow, ntw distriLutioui, ol extrurae wind iti the United states were incorporated 
into the revised American National Standards Building Code Requirements for Minimurr. Deaign 
Loads in Buildings and Other Structures, published in 1972. Based on the work of Thom 
(1968) of MOAA's finvimmental Data Service, the new distributions increased the average 
period of data records used frost 15 to 21 years, and the accuracy of the values by about 
15%. 

Although the ANSI Code does not consider tornadoes in its extreme wind distributions, 
many engineers must consider tornado winds in the design of such vulnerable structures as 
hospitals and nuclear powarplants. indeed, at this moment, Texas Tech University in Lub- 
bock is conducting a fous^day short course on "Engineering for Extreme Winds and Toxnadoee." 

The course ir.-luden "a balanced risk approach to structural design whi may be used to 
provide occupar.t jJiotection and economic tornad* resistctnt designs...." 

In a recent, related paper, "Residential Buildings Engineered to Resist Tornadoes," 
Shaman {1973} adopts two maxinw loading conditions to design and render a typical ranch^ 
atyle, wood-fraam house tomado-resistsnt. For the maxiaran loading conditions recoanended, 

the increase in construction costs amounts to only 19*. 

Given the current engineering needs and interest, the advent of the Fujita classifica- 
tion aystam seems particularly timely. Since 1971, eiverimmtal Fujita estimates of tor- 
nado intmslties have bean msda for praetially all tornadoes nported. Estimates are also 
available for 1965 tomadoas from Tsoson (1972) . Tha table below is reproduced from 
Fujita and Pearson (1973) and shows tt» parcantagaa of tomadoas reported by Fujita cate- 
gories . 



SXTREMB mnOS AND ANSI DESIGN LOADS 



F Scale 



1965 



1971 



1972 



0 

1 

2 
3 
4 

5 



33% 

44 

17 

S 

1 

0,1 

893 



20% 
42 

26 

a 

2.5 
0.2 
B8B 



23% 
46 
24 
6 

0.8 
0.0 

740 



Total 
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A3 you can see by comparing the tujita classifications presented earlier and the ANSI 
100-year recurrence values for basic windspeed (Figure 1), all tornadoes in categories f3 
and above exceed the ANSI standard values and, except In a few hurricane-prone coastal areas 
of the Gulf and Atlantic States, so do the tornadoes in category F2. These categories 
total approximately 23%, 37%, and 31% o£ all the tornadoes reported in 1965, 1971 and 1972, 
respectively. In numbers, this works out to approxisiately 205, 329, and 229 tornadoes for 
these years. 1 night add parenthetically that the mlninum design values on the 100-yaar 
recurrence chart Is centered over southern Arkansas, in the heart of tornado alley. 

Leaving tornadoes aside for the moirient, and considering only extrcne winds associated 
with thunderstorms and extratropical cyclones during 1973, 74 reported values exceeded the 
100-ycar rGcurrencc valuer;. This in no way casts doubt OA the validity of the Standard 

values, but it does reflect the fact that the ANSI mean recurrence charts are based on only 
21 years of climatological record. It tfoold appear desirable to update these calculations 

when say 25 years, then 3D years of data become available. In each instance, the increased 
data sajnple should increase the accuracy of the standard extxeitje values. 



ONSITB HIND MEASUREMENT 

A promising new remote wind-inea:^uj: i.-i^^ instrunei.t, aii ocoustic c^:.o bouiidei pctuMciaily 
capable of profiling low-level wind structures at actual building sites — as well as those 
associated with tornadoes — is now being tested by NOAA Environmental Research Laboratories 
(BIO*) scientists. Developed by the SRb Wave Propagation Laboratory under an agreement with 

the Federal Aviation Administration (FAA) , the sounder operates like sonar; a sound pulse 
is transmitted into the atmosphere and scattered by variations in the acoustic refractive 
index caused by temperature and wind fluctuations. Specifically, wir^.d fluctuations produce 
doppler frequency shifts from which both vertical and horizontal wind consonants may be 
determined. 

Work to date indicates that it is possible to determine wind profiles to altitudes of 
1 km with the sounder (Beran, et al., 1973). In addition, the sinrliclty and relatively 
low cost of acoustic sounders as coinpared to radar or lidar makes it probable that such 
sounders will play an increasingly important role in boundary layer wind studies. 



MODELING EXTREME-WIND GENERATING SYSTEMS 

The atmospheric mechanisms which determine the type, severity, and variability of 
local weather events which generate extreme winds are mesosoale systesis. Ontil recently, 
however, most atmospheric studies have concentrated on micro- and macroscale phenomena. 

Interest in the nesoscale has quickened in the past few years due largely to the develop- 
ment of doppler radar and acoustic sounders, which appear capable of defining the three- 
dimensional motion field of convection storms. This, in turn, has quickened Interest in 
the three-dimensional nunsrical simulation of severe storms. 

The proposed NOAA Severe Environmental Storms and Mesoscale Experiment (SESA-ME) is an 
observational/research effort designed to identify the processes and controlling parameters 
of extreme-wind-generating systems such as squall lines, thunderstorms, and possibly tor- 
nadoes, and to aid in the development of oonc«ptu«l «nd nui«aric«l nadala o£ theae phenomena. 

Satellite, acoustic echo sounder, radar (dopier, continuous-wave, and pulsed) , radiosonde, 

and surface and aircraft observations — coordinated in a time and space framework pertinent 
to the phenomena studied — will be fed into computers to develop and test mesoscale numeri- 
cal models. 

A preliminary shakedown period is scheduled for the Fall of 1976 to provide for ini- 
tial calibration and evaluation of the data syatMi, and to allow a short period for minor 
alterations prior to the first three-month observational program, planned for the Spring 
of 1977. A soccnd observational period is planned for the Spring of 1979. The 21-month 
gap will allow tiiae for analysis of the 1977 observational data and permit revisions of 
any inadaqvAte data acquisition procedures. 
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In general ( the study of the effects of local winds on structures is pri- 

cnarily based on data obtained from wind tunnel experiments. ?rs an example of 
such studies, an investigation of air flow around NaXato^ima island relative 
to the vind resistant daslgn of a long BaapansioD faridga has baan oonductad 
and will be presented. 

However, it is not reasonable to conduct such a study entirely related to 
wind tunnel experiments, as the similitude rule has not been established. Ther'e- 
fore, field observations havs heeti made in parallel with the wind tunnel experi- 
oients and the data obtained by both soaroes are then compared. Thus, the re- 
sults obtalnad froB tlM wind tunaal •i^erimnt are nore raliable. 



Kay Kbrdai Bridge; gu::r: ne-orologlcal dataj topographical modelt wind load; wind 
profile! wind tunnel. 
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In studying tho effects of local winds, the collection and analysis of field data la^ 
needless to say, the most desirable. lo practice, however, the acquisition of field data 
is Laborious and requires a vast amount of tine and expense, therefore, wind tunnel tests 
are conducted despite various difficulties notably the principle of similitude. 

because of these difficulties, wind tunnel tests wore conducted in conjunction With 
field observations, and than comparisons of the data obtained from both sources was made. 
As will be noted, the field data does not always agree with t^e wind tunnel test data. 

In coilecting tho data a reference point should be fixed so there is similarity be- 
tween the tunnel wri<i the natural winds and they are optimun. Therefore, the location of 
the reference points and the physical elements to be observed are usually determined during 
the planning of wind tunnel esqteriments. The nunfcer of the observation points, the ele- 
mi [i*^ ; * : r jhserved, and the time required are generally greater than would be allowed 
because ot bud^jct restrictions. Also, the principles of similitude, which are roost reli- 
able in the area of effective Beynolds number, must be esiployed. 

Based <Mi these conditions, the effects of local winds on structures have been studied 

by using a wind tunnel. An example of the type of wind tunnel test study 1:h,it can be con- 
ducted will bo presented in relation to an investigation of the wind regime around the 
Nakatojina Island and t)ie wind-resistant design of a long suspension bridge. Numerous 
Other studies have been saade in our laboratory, as detailed in Table i. 



In designing a su^eneion bridge for wind loading, the upward attack angle of the wind 
against the bridge is an Important matter, and nnast be carefully considered. She wind ef- 
fects, due to the land topography, were initially evaluated during a preliminary survey 

prior to the building of the second Giant Bridge or Kurushinva, which connects HoHiihu .md 
Shikoku. The primary area whero wind conditions are important is Nakatojima, a iittie 
island located four kilometers to the north of Imabari in the Shikoku District. In the 
construction of the bridge, the bridge axis is planned to pass north of and parallel with 
the ridge line of the island. Therefore, a considerably steep up-draft air flow can be ex- 
pected during a northerly wind. Although the air current may not necessarily affect the 
entire span of the br; dge, its vertical inclination can be exceedingly large and the 
region in which the air current appears from the different wind directions is not known. 
In case of a southerly wind, the bridge axis will be located on the leeward side of 
lla]«atojima. Although the level of the bridge girder Is a fefw meters higher than the island 
tqp, a violent tuxbulanee is aiqpeetad to dominate the leeward sids air current. Therefore, 
the study included both the northerly and southerly wind directions. 

The primary investigation was directed toward the wind tunnel experiments, however, 
in order to compare these results with those in the field, actual observations ot the Wind 
direction and speed were made at two points on Nakatojima Island during a three-month 
period. Location of the observation sites and the level of the Instruments are given in 

Figure 1. stations are distributed in such a way that the difference in wind speeds at 
two points in the island and the existenc^i o£ separation phenominon expected in the lee- 
ward side of the island can be examined. 



Nakatojima Island is located to the north of Imabari, approximately in the middle of 
Kurushima Straits. It is a small island, spanning a distance of 390 m. east to west and 
lao m. north to south with a height of 63 a. above sea level. On its northern and southern 
shores, the slopes have an inclination of 40*. Kith this backgroundj it can be aaslly 
understood that the peculiar topography of the islsnd nay provide strong alz currMtX on 



INVESTIGATXOH CP THS HIKD SEGIHB AT THE BRIDGE BUILOING SITE 
HEAR KAXATOJXMA ISLAND 



TOPOGSAPHZC CONDITIONS 
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the laland in addition to the fact tiiat thara la no nearby island which may affaet the 
air current. 



(i) Wind Tunnel BiQeriinent 

Por the wind tunnel ex; or li r: nt , 'Annr tope ir it lilc- models with reduced scales of 1/500, 
1/1, OCO, and 1/1,500 wore prepaitd. Tlic tirst model which was used in the experiments, 
in conjunction with the Gottingen-type wind tunnel (1«S n. In diameter) , diatributiong of 
the wind angle and wind speed around Nakatojima, were neasured in detail. 

Ti. ordttr to stu^y ''rif behavior of th"" j\l ■ u rent across tlie island, in caae Of Stable 

stratification ot the atxaasphere, a second raod-il v.'ds prepared. 

The last model was used to study the topographic effect of a wider area, including 
Nakatejiaa and other adjacent lalande, relative to the air flow. 

(ii) Field Observation 

In conducting the field tests, aerovanes were placed at two points on the island, one 
at the top of the island (Point A) and the other on tiie northern slope (Point B) in order 
to obtain data on the wind direction and speed. The levels of the aerovanes are 76.0 m. 
and 29.5 n. , respectively. Point B, which is located at about half of the height of the 
island and susceptible to topographic affects, was chosen as an observation point to cheek 
similitude. 



(i) Measurement and Analysis of the Vertical Inclination Angle 

The vertical inclination angle of the air current over the northern slope of Nakato-* 
jina Island was the principle object of the present investigation. In the wind tunnel ex- 
peri cient , the vertical inclination was generally determined from the measurement of the U 
and W components of the wind, making use of the X-proble of the hot-wire anemometer. How- 
ever, in order CO ildprove the precision of measurement, a continuous record c f th-- ,erti- 
cal inclination was made. This requires a modification to the electric circuit o£ the 
instrument, Mi9 details of %rtiich are not given herein. The tunnel wind speed that was 
used ii. tlic experiment was 7.0 m./s. for both the vertical inclination and wind speed dis- 
tributxui.. Results of the measurement for each wind direction will be given as followst 

Case of Northerly wind 

In this case, the wind blows perpendicular to the bridge axis. As seen from 
the distribution curw of the vertical inclination given in Figure 2-A, there is a 
very strong up-draft current which has a maximum of 25" relative to the northern 
slope. This maxinun inclination naturally corresponds to the top of the island. 
The up-draft of the wind is naintained for a considerable distancn, even when the 
point of nsaatttenant is over the waters off the western edge of the island, as shown 
in Figure 2-A. 

Case of Southerly Wind 

Figure 2-B shows the result of the measurement for the case of the current blow- 
ing perpendicularly to the bridge with a southerly wind direction. In this case, the 

Lridijo cjirder sccns to he it; Uie wjkij cf the iiilanl and UriS , iV.c- vortical inclination 
changes so strongly that its upward or downward sense cannot, be determined from the 
diatributian curve. 



METHOD Of INVESTIGATION 



HIND TtMMEL EXPERIMEITr 
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(ii) ths Neasuremat and Analysia of Mnd Spee4 DistrilNitioii 

The experiments were performed with the san-.c- t-jpoqraphi c model, M dsacribod pttt- 
viously, with the same measuring line and points as stated above. 

Oee of Hortherly Wind 

The wind distribution along the bridge axis, as induced by the northerly wind, 
is shown in Figure 3-A. As seen by the distribution curve at that level where tiie 
bridge girder is located (seoond curve from the top in Figure 3-A) , there is a ten- 
dency for the wind to decxeaae in the middle of the island and increase on botti ends* 
relative to the tunnel wind speed. This tendan^ is espeeially proniaaat in til* 
western part of tlie island. 

Caee of Southerly Wind 

Xn this case, the distribution curve of the wind speed shows unusual character- 
istics (sne Figuri:- 3-B} . ?^a.T.t.- ly , or. the leeward side at the niddle of the island, 
the wind is oxcecdinsjly weak, bting 1/7 uj; less at tlie wxnd tunnel speed. The dis- 
tcsnce where the wind speed decreases substantially is 200 to 250 m., after conversion 
to actual scale* On the eastern and western ends, the wind speeds conversely in- 
crease as tile distance increases. 

The decrease of ti\<i wind speed due tha southerly wind car. be understood if wa 
consider tliat the measuring line along the bridge axis is in tha wake of the island. 
However, since the decrease of the wind speed was drastic, the level of the boundary 
surface between the general air current end the reverse air eorcent due to seperatim 

was measured. The results of these measurements are shown In Figure 4. Although the 
level of the boundary surface changes strongly and is difficult to determine precisely, 
a qeneral trend can he e.s tabi i shed . As seen in Figure •! , the level of the boundary iS 
highest over the northern slope of the island and its height is nearly the same as 
that of the bridge girder. 

in principle, this boundary surface represents the discontinuity between the gen- 
eral and reverse currents and is theoretically the surface on which the wind speed is 
reduced to zero. Accordingly, it is clear that the r£^id decrease of the wind speed, 
as seen in the distribution curves given in Figure 3-B, is due to the coincidence in 
height of the bridge girder and the boundary surface. 

(iii} Bsperinents in the Stratified Wind Tunnel 

In order to visually obtain a pattern of the air flow passing over Kakdtoj iir.a Island, 
and to establish the effect of the stratified atmosphere on the pattern, ejqjeriments were 
made with a sodel built to a scale of 1/1,000, and tested in the stratified wind tunnel. 

Tfie first investigation was conducted using a stable air flow pattern. Plate 2 shows 

tlie pattern when tlic wind speed is C.4 n./c. and the vertical density gradient is 0.006 
gr./cm.^. A stagnant vortex, almost round, was found in the windward side of the island. 

Note that the wind passing over the top of the island tends to descend on the leeward 
aide, in such a ease the boundary surface also decreases on the leeward side. Separation 
doss not coaipletely disappear and the reverse flow still exists. 

Ttic Froude nuriser, which represents the stability in the atmosphere, is approxioiately 
1.79 for the present experimente, which can be found in the real atmosphere. Accordingly, 
the flow pattern ol>tained in tt» eiqperinsnts can exist in the atnoaphare when the wind ie 
light and the stratificaUon is stable. 

The next experiments that were conducted were under the condition that the wind speed 
was 1.5 n./s., the stratification was neutral, and a grid was installed in order to make 
the air flow turbulent. This pattern is shown in Plate 3. The streamline, in oontrast 
with Plate 2, still ascended after passing over the top of l^e island. 
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(iv) EiqpAriMints with a Regional Tbpographle Model and Their Analyele 

EKperlnents on a regional topographic model, built to a scale of 1/1,500, were made 
80 as to Include not only Nakatojima Island but adjacent islojids. These islandii can make 
the flow pattern cnuch more complicated and should bm considered in the bridge design. 

HeasurannitB o£ the vertical inclination of the air flow in the northerly direction 
■hows that tile wind blows up on Uia aide of Hakatojiaia Island aad OaajiiiB Island (see Fig- 
ure 5) . A horisantal air flow can only be found at the central part of the atraita. 

The wind speed distribution has no marked characteristics, when the wind comes from 
the norOi, but the southerly tiinds show characteristics of a strait windt i.e., the flow 
cQveraigaa and tiie speed increase* all over the strait. Its increase rate Is hi^h at the 
coast of both islands and low at the central part of the strait (see Figure 6) . 



ANALYSIS OP FIELD METEOROLOGICAL DATA 

In order to evaluate the reliability of the wind tunnel experiments, neteorological 
data was obtained from Nakatojima Island and then analyzed. The aerovane at the top of 
the isljuid (Point A) was installed on the pole 15 m. above the ground, thun the w: r.d apced 
can be considered to be general air flow. The wind at tite north slope of the island 
(Point B) is cospared with that obtained at Point A. 

The resuits are depicted m i'igure 7, where the wind iij re^rusented as a vector and 
the fiqure in the parentheses shows tho f requenL y . only the fjllowing wind dlreetiena 
were studied, because these have the main influence on the bridge: 

southerly wind: sn, SSK, s. 5SE, SB 
tlortherly Wind: NW, NNK, N, nne, ne 

The winds were divided into three groups: weak {0.5-5.0 m./s.), moderate C5. 1-10.0 
n./s.), and strong (higher than 10.1 m./s.), because separation depends qpon the wind 
speed. 

Case of Soota»rly Wind 

When the general wind (namely, the wind at Point A) is southerly, the local wind 
at Point B has almost an opposite direction (see Figure 7-A} , with separation taking 
place on tiie north slope of ttie island. Separation does exist even during a light 
wind. The wind speed at Point B is low, but increases aUiost proportionally with an 

increase of the general flow. 

Case of Northerly Wind 

When the general flow is nortl-ierly, the local wind at Point B has a rathRr large 
fluctuation of the direction, but has almost the same direction (see Figure 7-B) . 



PLOW IN THE WIMO TUNNEL AND KAniRM. HIND 

In order to evaluate the results obtained from the wind tunnel, meteorological obser- 
vations were made at two points on Nakatojima Island. Relationships between the air flow 
in the wind tunnel and the natural wind was then studied. The following will describe 
these relationships t 

(i) Separation 

During a southerly wind, separation was found over the north slope for both cases. 
(11) Ratio of Wind Speeds 
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The ratio of thf^ wind speeds, betwean tho two points, is shown in Table 2. In 
the norUierly wind, the wind speed in the wind tunnel is a little lower than that ob- 
served at the actual sites. These values, however, seen to be In good agreenent, con- 
sidering the oonpliceted characteristics of the winds. 

In the northerly wind, whe.n the flaw pct'_tcri. ia much nor-i cromL'iicated, the ratios 
show that the flow seems to agree fairly well between the model e^^jeriments and field 
observaticn. 

In Table 2, the ratio of wind speeds as observed at Points c and D (see Figure 
1) that wore obtained a few years ago are presented. These values were obtained at 
a tower (110 m. high above the ground) which was used to support electric power lines, 
and at anotiter tower (51 m.) used as a signal station for tidal current. 

(iii) Sinilarity of Turbulence 

In the present experiment, a grid wac placed in the wind tunnel as a turbulence 
generator (soo Plate 4). The grid consists of 40 nun. of square mosh, constructed of 
10 mm. square bars. The turbulence thus generated should be similar to that developed 
by a natural wind. The similarity has not been completely studied, however, the grid 
seems to generate effective patterns which are similar for both cases <£or exaniple, 
separation and stagnant vortex). 

(iv) Effective Reynolds Muaber 

A cotiplete solution has not been obtained of the si.T.ilitjdp; between the model in 
the wind tunnel eiqaeriment and tht fiald ohservatiori. ii&wevei , when the effective 
Reynolds number has the nare v5lv;e for tjth cases, the similarity seems to hold with 
a high degree o£ accuracy, at least under the condition that the strong wind passes 
ovftr the isolated island such as Nakatojima. Here the effective Reynolds nuodber is 
defined as the number using the turbulent diffusivity, K, in place of the kinematic 
viscosity, p. The effective Reynolds number is e^^ressed as follows: 



tdiera U and L are the wind speed and the length, respectively. 

However, from the theory of turbulence, K = iu' , where S. is the rep rcaL-ntat i-. e 

length o£ the "eddies," and u' is the RMS of the fluctuation of the turbulence. Ac- 
OQrdingly, the folloHing station is obtained: 



The term U/u' is the reciprocal of the intensity of the turbulence and L/H is the 
ratio of the representative length of the topography to tikat of the eddies. Conse- 
quently, an adjostntent of the effective Reynolds number can mean an adjustment to 
both of these two tezns. Both terms can be measured during tiie field observation, 

and they carj be adjustab^le in the wind tannel. From existing data cbtairied in the 
tiGld, Rjr can be estiir.ated as 10 to iOC. ia present experiments i-i^ in the wind 
tunnel is about 30n. it ntariH that the grid size is smaller, considering that the 
model is made on the scale of 1/500. Investigation of the effect of the difference 
of has not been mads. 



Difficulties in the wind tunnel experimmts are due to the fact that the similitude 
rule has not been ••tablished. liOM«v«r, because it is difficult to conduct intensive ob- 
servations at the site and to analyse the long-term data, a combination of the wind tunnel 

ei^eriments and rather simple field observations seems appropriate. In this manner the 
wind conditions at Nakatojima Xslaxid were examined and described herein. 




(1) 




(2) 
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Table 1. 



Examples of Studies Made By 
Wind TUanel Eiqierinent 



Theme of Study 



Clear Air Turbulence on 
the leeward side of Ht. 
Fuji 



Point of Reference 



Distinction of wind regines 

whether it is mountain wave 
type or separation type 



Observation Point and 
Elements observed 

Tracking of non-buoyant 

balloon flown frOM SUmlt 
by a tracking radar 



Turbulent flow around 
an airport 



Distinction of turbulent 

wind systems on the lee- 
ward side slope of a hill 



Double theodolite observa- 
tion of ballocnr. over the 
runway and accclcromctric 
observation of aircraft 
vibration 



Strong winds around a 
high building 



Conparison between general 

wind peed in urban area and 
the wind speed near the 
building 



Surface wind observation 
at the roof-top of a 
building and around it 



Determination of the 
anemometer level for 
Mt . Fuji Weather 
Station 



Vertical inclination of 
air flow 



Observation of vertical 
inclination by emitting 
smoke fron the sumit 



Strait wind at the 
Kannon Straits 



Vertical distribution of 
wind speed at a cape fac- 
ing to the Straits 



Observation of vertical 
distribution of wind on 
the power transoiission 
tower 



Strait wind at Mekari 
Straits 



Comparison of winds at 
three points on the coast 
of Strait and on the sea 



Wind observation by aero- 
vane and observation of 
strait wind by non-buoyant 
balloon flown fron three 
points on the sea 



Wind regime around 
Nakatojima Island 



Ratio of wind speeds at 
the top and on the slope 
of the island and the 
separation 



Observation of wind direc- 
tion and speed at the top 
and on the slope of the 
island. 
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Table 2« Ratio of the wind speeds 



Wind direction 


NW NNW N NNE NE SSW SM S SSE SB 




Hind tunnel 
experinent 


0.79 0.64 0.S4 0.54 0.51 0.13 0.20 0.18 - 0.23 


field 

observation 


0.92 0.73 0.73 0.62 0.67 0.30 O.IS 0.12 - 




wind tunnel 
experiment 


0.91 1.00 1.08 0.96 0.94 0.96 - 0.94 - 0.46 


field 

observation 


0.92 0.98 0.99 0.86 0.90 0.81 - 0.92 - 0.79 



Digitized by Google 



Plate 1. Nakatojima Is. viewed from the eastern sea. Northern and southern 
slopes are very steep. 




Plate 2. Pattern of air flow in case of higjily stable stratification and weak 

wind (experiment in the stratification wind tunnel). Air flows down 
after crossing the ridge of island. 
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Plate 3. Pattern of air flow in case of neutral stratification and strong wind. 
Air continues to How up after crossing the ridge of island. 




TIate 4, Models of Nakatojima Island and the Second Giant Bridge of Kurushima 



in the wind tunnel (scale: 1/500) and grid of turbulence generator on 
the left. 
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i 22 !ao« CROSS SECTION OF 

NAKATOJIMA 



Fig. 1. Location and the leva] of obsenration of anovane in Naktcgima Is. 
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Fig. 2~B. Vertical inclination along the bridge axis on the nortliern side of 
Nakatdjima obtained by wind-tunnel experiment. 

Wind direction SSW-S. 
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HEIGHT l7CM(e5M) 




Pig. 3-A. Distribution of wind speed along the Iwidse axtt on (he northern side 
of Nakatojims obtained by innd-tunnel experiment. 

Wind direction N-NNE. 



1 
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HEIGHT |7CM(85M) 




Fig« 3— B. Distribution of wind speed along the bridise axis on the northern side 
of Nakatojima obtained by wind-tunnel experiment 

Wind direction SSW-S. 
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Fig. 5. Vertical inclination of the wind obtained with a regional topograptiic 
model including both Nakatojima and Umajiina Islands. 
Scale 1/ 1 ,500. Wind direction N-NNE 
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Fig. 6. Wind speed distribution with a lecional topographic model 
Scale 1/UOO, Wind direction SSW-S 
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WEAK WIND 





'""^ 0 50 lOOiw 
NAKATOJIMA ^ ! 



MODERATE 




8TR0N0 



NAKATOJIMA 
(1) 



SO lOOm 

.J i 




so- — // 

"° - 

- 0 OC iCCn 

NAKATOJi.MA 



7-A. Relationsliip between ttie wind at Points A and B in Nakatojiina 
Idand. ' Witul direction at Point A SSW 
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Fig.7-B. Same bs in Fig.7-A but wind direction at Point A NNE 
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A STUDY OF WIND PRESSURES ON A SINGLE-FAMILY DHELLING 
IN MODEL AND FULL SCALE 



by 



R. D. Marshall 



structures Section 
Center for Building Technology. lAT 
National Bureau of Standards 
Hashington* D.C. 20234 



Wind preseores measured on a aingle-fanily dwelling are oonipared with results obtained 
from a ItSO scale model placed in a turbulent boundary layer. It is shovm that the fluc- 
tuating components of surface pressures far exceed the mean or steady pressures imd are well 
correlated over sizeable roof areas. The consistently low fluctuating pressure coefficients 
Obtained from the wiind tunnel model are attributed to jimpcopec simulation of the lower 
portion of the atmospheric boundary layer. Conparisons between actual loads and specified 
design loads suggest that certain current provisions are marginal for tributary areas and 
excessive for localized areas such as ridges, eaves and corners. A procedure for expressing 
loadr. n both local izeii and extended roof areas in terms of mean pressure coefficients and 
a peak factor is described. 



Key Wardst Aerodynamics: boundary layers; buildings; codes and standards; wind loads; 

wind tunnels. 
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1.0 INTRCDDCTICN 

Research over the past ten years into the effects of wind on buildings and 
other structures is significsmtly influencing design philosophy and practice as 
is evidenced by recent major revisions of buildinq codes and stanirirdr. , both 
here in Che United states and abroad. Perhaps the most significant iinprovenent 
has bean tlw raeognition of wind loading as a stoehastilc ptooess and the fotMU- 
lation of design criteria based vipoti acceptable levels of risk. Other Inprove- 
ments include provisions for various classes or categories of terrain roughness 
and the wind-tunnel simulati on t.-ie atmospheric boundary layer ithon nsasurlng 
pressure coefficients and dynainic response factors. 

In spite of these ipportant advanceSf oonsidarable work resialns to be done. 
This is particularly true of tiiose co<to provisions covering the design of lew- 
rise buildings which have not benefllcJ from this leyearch in the sa.ro proicr- 
tion as tail structures. It is interesting to note that pressure coefficients 
In current use are based in large part on wind tunnel studies carried out in uni- 
form flows of low tiirbulenoa, using instruaentation capable of ateasurlitg only 
mean pressures. It is obvious, therefore, that a siajor effort must be made in 
the wind-tunnel modeling of low-rise structures. Prior to this, however, the 
validity of modeling techniques must be established by comparing test r£>sults 
with representative measurements obtained from full-scale buildings. The in- 
vestigation described in the following sections is an attespt to provide a pre- 
liminary conparison between model and full-scale test results for a slnglft-fanlly 

dwelling. 



2,0 7U£ 7£ST SITE 

The site selected for this study is located at Malmstrom Air Force Base, Montana, 
directly to the east of the city of Great Falls. The region is noted for its "chinook" 
winds which regularly blow out of the southwest during the winter months. The terrain 
surrounding the test site is markedly flat and free of significant obstructions. Although 
the mean hourly speeds for the area are guite high (14-17 mph) , extreme winds seldea exceed 
70 mph. 

The building investigated is a single-f aira ly dwelling, one of four quite similar units 
located in an area having a clear wind exposure extending frois the west clockwise around to 
the south. A cluster of two -story housing units is located approximately 300 feet south'* 
west of the test site and extends in that direction for approximately 1800 feet (see Figure 
1) . The test building and adjacent structures are shown in Figure 3* The test building 
has basic plan dimensins c.f 22 x 7b t- wi tii a 16 x 19 feet Wing (Figure 3), The rOOf 
pitch is 11.5 degrees and the eaves overhang is 2.5 feet. 
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3.0 roLL-SCALE VEST FROCEDIIIIB 



Surface pressures wore measured at nine points on tha £OOf CPl^9) and at one point 
under the eaves (PIO) . In addition, the internal preeeure was tieasurect in the garage ares 
<P12). An additional paresBure tap (I>11) was installed under the eaves in the wind-tunnel 

model. To avoid penetrating the roof membrane with pressure taps and at the same time 
accurately iiieasuce pressures over the roof surface, the pressure transducers were mounted 
under low-profile housings having a height of 1.4 inches and a diameter of 2 feet. All trans** 
ducers were referenced to a vane-noun ted pi tot static tuba located 9.5 feat above the ridge 
line, i.e., 20 feet above ground level. 

Wiiid speed and direction were obtained with a propeller -vane anemometer located 21.5 
feet above ground level. A standard National Weather Service threo-cup anemonetor was 
used to trigger the data acqpiisition system when wind speeds exceeded a preset level. 
Positions of the pressure transducers, pi tot static probe, and aneonneters are shown in 
Figure 3. 

A fourteen-channel analog tape recorder was used to acquire data. In addition to the 
eleven pressure sigitals, wind speed, and wind direction, a tine code was recorded to iden-^ 
tify -Uie data runs or records. Nomal operating procedure was to set the system threshold 
at 4C mph and record for fifteen minutes. The system would then enter a one-hour hnlr! 
ptiricd before checking the wind speed against the preset value. While this procedure re- 
sulted in a :iumL>ji of redundant records, it did provide data corrcspcidiMq • o leak winds 
in winter storms passing through the region. These storms generally had a duration of 
from one to three days. Baronetrie pressure, temperature, and other weather data were ob^ 
tained from bourly observations made by the 3rd Meather Hlng, usaf. 



4.0 WIND TUIiNEL TEST PROCEOUI^ 

In order to increase the value of the full-scale test results, aid in their Interpre- 
tation and explore the feasibility of modeling the natural wind at an unconvsntional scale, 
a series of wind tunnel tests Mere conducted during the course of the study using a model 
scale of It SO. 

The tunnel used for these tests is one of several operated by Colorado State Univer- 
sity and has a 6 ft. square by 40-ft. long working section. To simulate the natural wind, 

a thick shear layer was established by use of a row of spires and a sawtooth fence in- 
stalled at the working section entrance. In addition, all adjacent and upwind structures 
weiu ;T^odeled In the tunnel. This approach has been described by Melbourne (1) and Standen 
(2) and whan oompared with results obtained using surface roughness elements alone, it sub- 
stantially increased the growth rate of the boundary layer and increased the scale of tur- 
bulence at the position of th-.. mni ;!, ^1." downstream from the spires. Spire details 

and position of the model are shown in Figure 4. 
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Frurares wan neaswed with tlie stone tran«4t)eers and recording system used for the 

full-scale study. The orif icp-tuhf conbinations exhibited a satisfactory frcquGn'.-y re- 
sponse out to 100 Hz. All pressure aeasurexer.ts were referenced to a pitDt static tube 
located four feet ahove the tunnel floor, directly over the building model. Wind speed 
records and static and dynamic pressures were obtained by means of a hot-wire anajnoneter 
and pltot tube located in tiie sans relative peeitiome as the instnmsnts in the fall- 
scale study. In addition, mean velocity profiles wsre obtained at the position of the 
iBOdel for each of the four wind directions studied. 



Analog tapes containing full-scale and %d.nd tunnel data were processed using the data 
system described in Kef. 3. The usual procedure was to plot the full-scale wind speed and 
direction records on a stripchart recorder and to then select those records exhibiting a 
satisfactory degree of stationarity for detailed analysis. Analog to digital conversion 
was aooonipliehed at a rate of sixteen saavl^s P^r second with a total of 12,000 saniples 
per record or a digital record length of 750 seconds. By using a reduced playback speed, 
it was possible to digitize the wind tunnel data at the same effective rate and account for 
the 50:1 change in time scale. Thus the time and frequency scales were usuned to be 
identical in the subsequent data analysis. With the exception of the hot-wire records, all 
reoozds were obtained from transducers exhibiting linear characteristics. 

A series of computer programs have been developed at the NBS for the analysis of ran- 
dom data. These include PROGBAH 2 which formats sequential channel samples into sequen- 
tial samples for a given cfaannelf OORREL which perfonne low-pass filtering and contains 
options for coaiputing the msani ns* auto- and orDsa-caxzelationf spectral density and 
coherence functionsi PW whit^ craputss prcbsblllty densities and tabulates peak values and 
associated zero-crossing rates; and SUMP which generates a new data series based on the 
area integration ot surface pressures, in addition, subroutines exist for linearizing hot- 
wire records and correcting fixed-direetioo propeller ansnanster records for d^artures 
from the cosine law. 

In tha study repox-ted herein, no attempt was made to remove trends from the data series 
prior to analysis, the records being visually screened before conversion. However, even 
with this screening, there were certain records processed which indicated significant 
trends as reflected by their segmental means and auto- cor relation functions. Most stepe 
in the analysis were preceded by low-pass flltexlng» eacb four euoeessive sexplee being 
averaged and resulting in a record size of 3,000 samples. Auto-correlatioaa were calculated 
for 200 lags, followed by a 0.02 Hz fixed-bandwidth spectral analyais. 



Field nsBBuremsnts at the Montana test site were Obtained over a five-month period 

during 1971-72, yioldinq approximately fifteen hours of recordings under strong wind con- 
ditions, four different wind directions were selected for subsequent wir.d tunnel simula- 
tion on the basis of differing obstructions over the wind fetdb* Due to demands placed on 
test equipment, only a preliminary analysis of the field data was available at the time 
the wind tdiuwl studies were conducted. This proved to be unfortunate in that a better 
sianlatien of tiie natural wind could have been achieved witii slif^t additional effort. 

:n the following sections, run nuiriiers with tiirut; digits designate full— SCals data 

and wind azimuth angles (0) are measured clockwise from north. 
SiSMlation of the Atmospheric Boundary layer 

E'jcaune of the inodel scale used in thi study .ind the physical size of the wind 
tunnel facility, a simulation of only Ute lower 100 feet of the aturospheric boundary 
layer was attempted. Restrictions placed on the use of the field test site did not 
allow the installation of a meteorological tourer of sufficient hei^t to establish 



5.0 nvA RBBOcnott and amalysis 



6,0 MBABURBHBIIT »8II£TS AND DZ8CDSSI0N 




characteristics of the atmospheric boun^lary layer over this range. Field measurements 
of wind speed were than iinited to one point, 21. s feet a}jovc (jround level. As will 
b« discussed later, this necessitated corrections to the mean reference speeds and 
pzessures Aorlng the data analysis. 

Typical mean velocity profiles measured at the position occupied by the model 

(33.7 feet downstream) are shown in Figure 5 as a power lav.- representation. In plot- 
ting these profiles, it was assumed that the actual scale of the shear flow wais li50 
and that the thlcikness. of the atmospheric boundary layer was 900 feet. The first pro- 
file Qorreaponde to the case of only t^e spires and sawtooth fence installed and ex- 
hibits a satisfactory velocity distribution only up to a full-scale height of approx- 
imately thirty feet. The second profile corresponds to an azim.irh an-le of B ■ 341 
degrees, the direction having the least nun^er of structures upwi.id. Althouah the 
profile agrees well with the power law up to approximately ninety feet, there is a 
sutMtantlal departure above this height. Only for azinuth angles of 186, 211, and 
256 decprees did the mean velocity profiles correspond to the power law above 100 feet. 
The departure of the profile for & = 211 decrees from the poMOr law for Z/Zg < 0.025 
is due to the ciuigiibur ing house directly upwind. 

Nbile the exponents obtained from the plots in Figure 5 are in good agreeaent 
with reooananded values for terrain typical of the test site, there Is nothing to 

suggest that the scale ratio is in fact 1:50. The profiles for t = 711, 256, and 
341 decrees are plotted as a log law i.n Figure 6. The correspondi.n9 roughness 
heights (Zq) , were found to be 0.12, 0.23, and 0.007 inches (0.30, 0.58, and 0.02 cm). 
Helliwell (4) detemined a value of 8 cm. for open oountsy at Heathrow and Cardington. 
nils would suggest a scale ratio of from 1«15 to 1:400 for the atnoepherie boundary 
layer simulation. Only the very lowest portion of the profile for 8 = 341 degrees 
corresponds to the log law and it is suggested that the scale ratios associated with 
the peaks of the tuiteilono* spectra are noie neiningful. 

spectral density functions for B ■ 256 degrees (Run Nos. 311 and 22) and z = 21.5 

feet are plotted on Monin coordinates in Figure 7. The wavelengths associated with 
spectral peaJcs are approxitnately 10.8 and 870 feet for cnodel and full-scale, respec- 
tively, indicating a scale ratio of 1:30 for this wind direction. It is seen that 
the slopes of the spectra below and above the peaks agree reasonably well with those 
of the von Karman spectral density function, -fl.O and -2/2, respectively. Ihe scale 
ratios' obtained in this manner for B • 211 and 341 degrees were found to be 1:90 and 
1:60, respectively. 

Flow properties for four groups of directions are listed in Table I. Unfortunate- 
ly, turisulence measuresients were obtsdned only at z » 21.5 feet, these being limited 
to the longitudinal conponant. Mlth the eaoeption 0 ■ 211 degrees, the turbulence 
intensities measured in the tunnel are approximately fifty percent of the correspond- 

ding full-scale values. Run No. 24 ior 6 = 211 det;reee. was obtained with the spires 
and upwind models removed from the tunnel, the boundary layer thickness for this 
case being aqnP^soxinately sixteen inches. Also included in Table I are the maxlnuin 
speeds observed in the full-soale data over * tine interval - of 750 seconds, the 
average frequency of occurrence cf peak values (comnonly referred to ae thjk zero cros- 
sing rit-rii , .ind th« moan velocity .it 7 = \C m'^tir';. Ful 1 f.i". o -.Mlues o€ 
based upan the ratio Uj^q/Uj^ which was measureci ir. U'.a wind Luiuiel. 

The use of spires and roughness elements in tunnels with short working sections 
results in mean velocity profiles that are quite acceptable when compared with either 
the log law or power law representations. However, it is obvious that the tuzbulano* 
characteristics are not always in satisfactory agreement with full-scale values. 

Mhile the sh^^es of the spectral density functions agree fairly well with the 
full-soale functions, both tiie scale and intensity of turbulence are low. This sug- 
gests that the surface roughness elements must be modeled at a distorted scale and 
that a minimum roughness must be maintained in the tunnel idien modeling relatively 
smooth prototype surf ace oonditions. 
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It was anticipated, and later confiznad by the wind tunnel teata# that correct 
tioMi woold have to be replied te tha full-scale ti^rnanie and static reference pres- 
SttTSS dtis to tha close proxinity of tiM enaaoDater and pressure probe to the test 
building. The psooadore was to detemins a static pressure correction coefficient 

h - ^10 

C " 

in th« tunnel and to th«n apply this correction as an offset to all full-scale pres- 
sure records. She dynanic pressure correction coefficient 

*P " 1/2 .u,2 

was ^^pLied in a similar nanner. Both corrections were direction-dependant and values 
of C^^ and C^p ranged fron -0.10 to -0.21 and froai 1.02 to 1.39, respectively. 

Tho rcaultii ;ji ^■-'•"'^^•-'•J-i-"'- ir.eaii'jj;t.iinjiitii BUEHiarized in Tabltiij II - V iiJid are com- 

pared graphically in Figures 8 and 9. The mean pressure coefficient, C , and the 
fluctuating pressure coefficient, Cp^r correspond to the usual definitiSns and are 
referenced to the firee-streaa dynasfe pressure at Z s lo maters. Ths peak factor, 
is defined as the number of standard deviations included in tha nasiam peak depar- 
ture from the mean, i.e.. 
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The saro crossing rates (Table v) are as previously defined. 

The Bean ir essure coefficients, C , plotted in Figure 8 indicate consid e rab le 
disagraeaiant between nodal and full-scale Baasuremants. Eqpiipment used to Beasure 
and record the field data was somewhat prone to zero drift witii the extrene range of 

temperatures exf^r i enneil .^t. th-^ tr-Ft: site (Pi""F to -2Z^''V) . The field test oquipment 
has since been mudific-d to providv. tr^risduter zero irt-adiii^ii and rct;ordei calibrations 
prior to uach data run. C::r recti :;ns fi^r this drift could not be accurately detc-rntned 
and any resulting errors are directly reflected by Figure 8. With the exception of 
Mn No. 310, the addition of a fixed value for a given full-scale run would invrove 
tlie agzeeiiaAt between tiie two sets of coeffici«&ts. 

Cliariy-L; i:i •j-iuipment sensitivity due to temperature variations wore tound to be 
Small and, tiiurefore, greater confidence can be put in tiie measurements ol pressure 
fluctuations. Fluctuating pressure coefficients, C^f, plotted in Figure 9 indicate 
a fairly good correlation taetseen sodal and full-scale, the fomar averaging approic- 
inately one-half of the latter. This discrepancy is believed to be due prinarlly to 
the low turbulence intensitier. observed in the model studies, although f^cale effects 
cannot be completely ruled out. There is no obvious explanation for Uiu good agree- 
ment between Run Nos. 207 and 21, and the poor agg se w ant between Run Nos. 311 and 22. 
It aay be that the pressure fluctuations are quite sensitive to irind direction and 
that directions were not properly natohed in Uie nodel studies. It is eaqpected that 

a new sorl'-i, of tunriOl tests in xhich trie turLulence cJiaracter i s ti oh ate nore SCCtt^ 
rattiiy biT'-ultitcd Will bring tlit; raa'aits inti jiiucli better aar e^frnt^r.t . 

Spectral densities for tap positions P3 and pio (Run Nos. 311 and 22) are com- 
pared in Figures 10 and 11, respectively. The shapes of tiie spectra ooniiare qpite 
favorably and suggest a slope of -4/3 over the higher frequency range. As indicated 
previously, tlte wind data %>ere nomalised om tike assuniption that the scale ratio was 
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liSO. Altiiough the peaks are not well defined, they auggeat a acale ratdlo In line 
with that obtained by ooatparing tite velocity spectra. 

Spectral densities for tlic full-scal'j pruHs-ire f ! uc--i w t ions above the spectral 

peak usually exceeded those obtained from the wind tunnel model (see Figure 11) . 
Ibis ia ^ta likaly due to the fact that the analog filters used in the fUll-seale 
atndisa had a cutoff firaquaa^ of 10 Hz, resulting in aliasing errors in the spectral 
analysis, tnie wind tunnel pressure signals, on the other hand, were subjected to pro- 
nounced attenuation aLove 100 Hz which would appear as a 2 Hz cutoff in the analysis. 
Thus the aliasing errors can be ejected to be considerably smaller for the wind tun- 
nel data. 

Another indication of slnllarlty between model and full-scale pr«wsure fluctua- 
tions is the coherence fuiic?:ion. The coherence function, or nor'- properly (coher- 
ence) is the nonaalized modulus of the cross-spectrum and is a measure of the cor- 
relation between fluctuations at two points over the frequency range for a given sep- 
aration distance. This function for P1-P6 and Run Itos. 310 and 23 is plotted in Fig* 
ura 13. 

The peak factora, which are listed in Table rv, are fairly consistent and suggest 
an average value of 4.6. It has been shown, both theoretically and experimentally 
(5, 6), that the peak factor increases with length of record and a value of g • 4.3 
has been suggested for caloulatlng design loads on cladding elements for those situa- 
tions where resonant response is insignificant. The peak factors in Table TV are 
based upon single records of 750 secon ls ai-.'l represent a worst-case excursion £ro«a 
the mean, i.e. negative excursions for i royaure taps 1-9 and positive excuxSioOS for 
taps 10-12. It should be pointed out that the peak factors will vary iron record to 
raoord fiar a given wind spaed and direction and that several reoordB would be required 
to oatsbllsh thair nsan and variance. 

Fluctuating pressure coefficients and peak factors determined from the aroa-inta- 
gration of pressure records are presented in Table VI. Ihe procedure was to con- 
atniet a new iressura tim series by multiplying the sanplee of eadi record to be 
summed by a weighting factor. The weighting factor was proportional to the area at- 
tributed to each pressure tap which implies that all pressure fluctuations over that 
area are perfectly correlated. The resulting record was then analyzed in the usual 
manner. As eiqpected, the fluctuating pressure coefficients show a decrease in in- 
csaaaing area, but thara is no indication of a similar reductica in the peak factor. 
Although the transducer separations used in this study do not permit a detailed assess- 
ment of the correlation of peak pressures acting over extended roof areas, some indi- 
cation of tiicf area reduction of peak preBsures can tf^ derived from Table VI. Compar- 
ing the product of the fluctuating pressure coefficient and peak factor for transducer 
eoalalnatiens 1, 2, 3 for Run No. 332 with the product of the averaged fluctuating 
pvasauva ooafficients and peak factors for the individual transducers (Tables ITI and 
IV) , the corresponding reductions in peak pressure fluctuations are approximately 27 
and 40 percent, respectively. A similar conparison for the combination 1, 2, 3, 6, 7, 
10, 12 (Run No. 310) indicates a reduction of 42 percent. In averaging the pressure 
records* it was aasuned that the pressure fluctuations under the eaves overhang were 
parfactly oorzelatad and egual to the fluctuaticna measured by transducer No. 10. An 
increase of 42 percent was obtained fzon the combination 1, 2, 3, 10 for Run No. 310. 
It should bt noted that tliu r'-'cords for transducer Nos . 10 and 12 were int''-r-'- J so 
that positive tiuctuations acted in the same sense as negative fluctuations on the 
roof. 



7.0 OOKPAiaSON NITB nSOOHHSNDBO DBSIGN LOADS 

In addition to providing a check on wind tunnol test results, the full-scale data re- 
ported herein allow some direct conparisons with current recommended design wind loads. 
MttriCdn Hational standard Building code Requiresmts f6r Minimam Design Loads in Buildings 
and OUiaz Stzuetorss, A58.1-1972f states a proeadura for calculating wind loads on roofs 
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and considers both trlbutuy (parts and portions) and total roof areas (7) . The basic wind 
speads used in tills doeunent ate the fasteat-adla speeds for a 50-year mean recurrence in- 
terval and flat, open ooimtxy (Bj^oauza C) at a height of 30 feet above ground. 

Because they are defined differently, the pressure eeaffieients tMaeured in fnll»Seele 
and those specified in the A58.1 Standard cannot be coBpared directly. HoMever, the pres- 
sure can be compared for a given wind speed and category of ejposure. Assuming flat, open 

country and a basic wind speed of 90 mph, the corresponding effective valoei^ pressure* 

for heights less than thirty feet are as follows: 

q£ - 20 psf (ASa.l - Table 5 - Ordinary Buildings and Structures) 

* 31 paf (ASa.l - Table 6 - Perts and Fortions) 

For buildings with a ratio of wall height to least width of less than 2.4, the A5B.1 
Standard specifies a general external pressure coefficient of -0.7 for roofa. For gabled 
roofs with the wind direction perpendicular to tite ridge and the height-width ratio and 

roof slopebeing considered here, a pressure coefficient of -1,0 is specified for the wind- 
ward slope. The standard also allows for local peak pressures which are assumed to act at 
ninty-degree comers and on strips running along the ridge and eaves. The width of these 
atripa is taken as ten percent of the least width of the building normal to the ridge. 
Utia specified pressure coeffici«its are -2.4 for ridges and eaves and -3.g for nine^>-degE«e 
oomers. 

No specific provision is made for pressures on the underside of eaves, but this can be 
taken as the pressure aeting on the windward wall for which a coefficient of 0.8 is speci- 
fied. Internal pressures era based on the fastest-nile speed at thirty feet above ground 

for the appropriate terrain category and an internal pressure coefficient, C ■, %«hich is 
related to the distribution of wall openings and the ratio of open to solid vrall area. The 
design pressures for tJte assused wind speed and ei^oaure are as follows i 



(e) 


XiecMard Slope, Total Area 




(-0.7) (20) 




- 14 


psf 


(b) 


Windward Slope, Total Area 




(-1.0) (20) 




- 20 


psf 


(C) 


Leeward Slope, Tributary Area 


m 


(-0.7) (31) 




- 21. 


7 psf 


(d) 


Windward slope. Tributary Area 




(-1.0) (31) 


m 


- 31 


psf 


(e) 


Ridgras and Saves 


m 


(-2.4) (31) 




- 74 




(f) 


Hinety-Dagree Comers 




(-3.9) (31) 




-121 


PS* 


(g) 


Underside of Saves 




( 0.8) (31) 




25 


psf 


(h) 


Internal Prpssure 




( C. 3) f21) 




6. 


3 psf 



At Z = 10 meters, the corresponding mean speed averaged over 750 seconds (the record length 
used in tiiis sto^) is app»niiButely 75 iqih (see Bef . 8) . For standard ataespherie condi- 
tions, the effective velocity prsssure is 14 psf. Using the full-scale piressure coefficients 
listed in Tables II, III, and IV, the mean and peak pressvures were caloalated for ten trans- 
ducer locations and four wind directions. The results are presented in rigurS 13 aloog witll 
the design pressures specified by tlie A58.1 standard (C^e f excepted.) 

Zt is seen from Figure 13 that the negative design pressures for the total leeward and 
windward roof areas (lines a and b) esoeed the obeerved mean pressures for all transducer 

locations. However, the observed peak pressures dominate and exceed the design presstires 
for tributary areas (Lines c and d) at several locations. This may or cnay not ha siqnit±- 
oant, depending on tlie degree to whidi pressure fluctuations are correlated over the roof 
area. The design pressures for ridges end eaves (Line e) substantially exceed the observed 
peak ^essures and the design pressure for ninety-degree comers is epproKinataly 2.5 tiaes 
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the maximum observed negative pressure. The positive design pressure for the underside of 
the eaves (Lin« 9) is exc««dad by the observed peak pr*Mwe for twc wind directioM and 
the intArmI d«aign pressun (Line h) is less than tha naaaurad peak internal praaanra for 
all fbur wind directions. 

As discussed previQusly , the f lucruatir.<]; prossijre coefficients determi^ned fron the 
jroa-ir.t LcjraLion of pressure records decrease with increasing area while the peak factors 
ranain about the saine. Although reductions from twenty to forty percent in the peak praa- 
suree (peak departures fron the aiean) are indloated for roof areas of up to fif^ aqoare 
feet, the data presented in Fifrm-e 13 suggest tiiat the provisions Of th« A56.1 Standard 
for tributary roof areas arc- narrfinal. 

The provisions for ridgs and eaves and for ninety-degree comers, on the other hand, 
appear to be overly conservative. Tite waadxmm negative pressure, based on the gteasured 

coefficients, was -5C csf for transducer \'o. 1 at SSG" while the lesian pressures are -74 
psf for ridges and eaves and -121 psf for ninoty-dcgroG cornera . it is recognized that 
extreme negative pressures are associated with vortices generated along the edges of tl-.e 
roof and that these vortices are extremely sensitive to wind direction and roof geocnetry. 
Hotfever, the wind tunnel studies described previously did not reveal any critical wind di- 
rections not covered by the full-scale data. If the effective velocity pressure of 20 psf 
(g^) is used in place of 31 psf (g^) , the resulting design pressures are -4B psf for ridges • 
and eaves and -78 psf for nlnetg^-Agcee comers. 

As with the negative pressures acting over the roof area« Vbm peak pressures under the 
eaves (Transducer No. 10) and in the garage area (Transducer Ho. 12) far exceed the corre- 
sponding mean pressures averaged over the record length of 750 seconds. Again referring 
to rarle VI and Figure 13, the average maximum pressure (peak plus mean) acting upward on 
the eaves is 3 - 3 •»- 35 <■ 35 psf for Bun Mo. 310 and cotnbination 1, 2, 3, 10. The corre- 
sponding design yplift pressure is 74 + 25 ■ 99 psf. Kor conbination 1, 2, 3, c, 7, 10, 
the average ayixismi pressure acting over a roof area of 258 sqpiar* ^eet is 3 -i- 13 » I6 psf 
as ccaypaxed witli 2117 6.3 - 27 psf (tributazy area plus internal pressure) as specified 
by the A5B.1 Standard. 

The maximum internal pressure (based on measitrsd OOefflcleatfl) in the garage am VM 
appcoxistttely five tiMs the corresponding design pressure. Ihe ratio of effective open 
area to solid area is difficult to deterodne since all doors and windows were closed during 

the recording intervals reported herein. One door and one window of approximately nineteen 
and fifteen square feet, respectively, are located on the southeast wall, one window of 
fifteen square feet on the southwest wall, and an overhead garage door of 55 square feet 
is situated on the northwest wall. Because of the extremely cold winters in Montana^ great 
cBze Is maally taken to provide doors and wlndcMs witii adequate seals or weatherstxlpping. 

Tt 15 probable, therefore, that infiltration raters for this garage area WOUld COOpaze with 

those £or living quarters in regions havxng a nild climate. 



8,0 A PBOCSDOSE FOR VBK GUCULATIOM OP DBSXGN PBBSSaRES 

The 1970 edition of the National Building Code of Canada (NBC) (9) provides for risk 
of occurrence, terrain rougfaiMSSr height above ground and building gaonetxy in calculating 

design wind pressures 

p - q <^ <i) 

In this expression, q is a reference mean velocity pressure for a given noan recurrence 
interval, is an exposure factor which varius with surface roughness and height above 
ground, C- is a gust effect factor to provide for tha dynamic response characteristics of 
the structure and surface pressure fluctuations caused lay turbulence and localized flow 
phenomena, and c is the conventional nsen pressure eeefflelent detenslnsd from wind tunnel 
tests. For the Sesign of claddint?, it Is assussd that drnanic response can be neglected 
and a factor of 2.5 is used for C-. 
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The form of Equation (1) is particularly convenient in that it allows a cotnplex pro- 
cess zo be treated as a combination of independent elements and provides for the -separate 
treatoent of mean and fluctuating coi^ponents of pressure. The peak design pressure at any 
point on a too£ area can be eipxessed as 



= P - gp 



Or in terms of dinensionlese pressure coefficients based upon a suitable reference pressure, 
au^ aa the free-stream dynamic pressure at Z ■ 10 Htars, 

Mhile equation (2) is a practical oieans of ei^ressing full-scale and wind tunnel aea- 
suresents (Figures 14 and IS) suggest an envirieal relationship bstiraon CL^ and CL. If tiia 
anvslope of fiiU-scale C^^ values is expressed as 

Cpf - 0.3(1 + Ic^l) 
and it is aesuned that g > 5.0, Bguation (2) iMoones 

(1 + lc_|) .. 

As indicated earlier, the peak factor g does not appear to change with surface area. There- 
fore, it may be possible to determine a gust factor, C^, for extended roof areas slngply by 
reducing C ^ hy means of a factor, Rp, toujhly analogous to Llie size reductiori factor used 
in calculalxng dynamic response. The gust effect factor would then be defined by 

- 1 + 1.5 ; — ^ ^ (4) 

where ie the oorre^onding mean pressure coefficient for ite eiitended roof area* 

9*0 COMOiUSIOMS 

The use of spires at the entrance of a wind-tunnel working section substantially in- 
creases Ha growth rate o£ rough wall boundary layers, thereby placing the study of build- 
ing aerodynainics within the capability of many oonventional tunnels. However, the use of 

spireE and scal-L^d upv.-inJ r^-M-Mihnf^ss e.'.e-nents daes not alone ensure tJie GstaJslishment of 
flowo witii yLQyt-i turbulincc <.ha.r aitori it i cs . A irdninun degree of surface roughness is 
required to estcdalish suitable scajes and intensities of turbulenct; . With some modifica- 
tion of the roughness elements, it is believed that close simulation o£ the lowest 100 feet 
of the atnsspherie boundary layer can be a«Meved at a scale ratio of ItSO. 



The agreement between model and full-scale spectra for both velool^ and pras 

fluctuations IS encouraging. Measur-ijrrents of coharence sugacst tliat tiia spatial aictent of 
surface pi-«issare fluctuations can be modeled to an acceptable degree. 

It is believed that the consistently low values of C _ determined from the model xs- 
sult primarily from ioproper simulation of the tuxbulenee? ttowever, scale effects cannot 

be ruled out at this time. Peak factors were found to agree quite closely with previous 
measurements, the overall average for model end full-scale results being 4.6. Based on 
the preliminary results reported herein, it apfsars that a gust effect factor can be ex- 
pxasssd in terms of a peak factor, maan prsssura coefficients and a siaa reduction factor. 

Wind presF".rRs based on measured coefficients and an a!;s-^~'-^ v.-i-'J spocd suggest that 
certain provisions of the current A58.1 S'_andard deserve add! txorial study, for the building • 
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Invutlgatedj design pxesaucas for trlbutazy amm and intarioira appaar to fa« marginal 
whila tkoM for locftliMd araaa audi as ridgasr aawaBf and oomara a^aar to ba axeaasiva. 
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NOTATION 



Th« following synbols are used in this p^yper: 




Bynanic prassvnw oorxaetion eoafficient 



BvoBure factor 



c. 



Oust cffaet faetckr 



Mean pressure coefficient 




Rms prasaure coefficient 



C^P B Static pressure correction coefficient 
I ■ Intensity of tuxbulenee^ in percent 
> Mean velocity at standard ten-nater heigbtr in feet par seoond 
tip ■ Itoferenee ma an velocity at 21. S feet 

Z - Heijftt above ground, in feet 
» Gradient height 

■ Surface rou^mess height, in inches 
g ■ Peak factor 

P > Mean pressuref in pounds per square foot 

» = Rms pres3ure 



q ■ Rsferenoe dtynaaic pressure far open eoixntry 

■ Size reduction factor 
6 > Mind direction measured dedcwise from nortii, in degrees 

0 - Mass densxty o£ axr, xii slugs par cubic toot 



rms 



Pll = 



Reference cfynamic prassura at 21.5 feet 



Beference dynaaic pressure at ten netexs 



11-32 



Digitized by Google 



UST GF TUIfiS 



TWIS I Flow PxopertleB 



TABLE IT Mean Pressure Coefficients (Cp) 

TABLE III Fluctuating Pnnaza Co«ffici*nta (Cpgi 

X»I£ IV Factors (g) 

nkauc V 2«zo CroBBlng Rat«B 

TUBKB vx Jixtta-«mx«gaa ooef f icimte 



LIST OF FIGUftBS 



F16UIS 


1 


Mxlal view OS tne Test Site 


PIGPSB 


2 


Veat Sit* Layiout 


FIGDRB 


3 


Pun «na Kwvaxlon ox tne Test Biiilalaig 


FIGURE 


4 


Wind Tunnel Layout 


FIGURE 


5 


Mean Velocity Profiles - Power Law Representation 


FMIRB 


6 


Mean Velocity Fxofiles - Log Low MepxeBentatlon 


FicnsB 


7 


Vtaloei^ Spectra (Rmia Moa. 311 and 22) 


FIGURE 


e 


Mean Preaauxe Goef fleienta 


FIGOKE 


9 


Fluctuating Preaauxe Ooefficienta 


FIGURE 


10 


Pressure Spectra (P3, Run Nos. 311 and 22) 


FIGURE 


11 


Preaaurs Spectra (PIO, Run Nos. 311 and 22) 


FIGUflB 


12 


Ooheranoa (Pl>P$« Run Moa. 310 and 23) 


FIGDBB 


13 


Goapaxiaon of Neaauxed and SpeoiCied Deaign Pxeaai 


FIGUSB 


14 


VB. - Pull Scale 


FIGURE 


15 


vs. Cp£ - Wind Tunnel 



Digitized by Google 



TABLE I 



FLOW PHOPEIITIES 



D kin A 

Run " 
Numb ft r 


u 1 r oc c 1 on 
^ flag r 5 1 


n 

% 


V u 


1 

(ps rcent } 


Hax Ifflum 


Zero 
Crotiing Rate 
IHt) 


"io 

/ / \ 


207 


186 


11.37 


3.38 


30 


19.93 




12.07 


21 


186 


11 .89 


2.5'i 


21 


• 




12.62 


310 


217 


7.77 


2.93 


38 


1«.4l 


.1st 


9.14 


23 


211 


13.17 


1«.08 


31 






IS. SI 


2l» 


211 


18.71 


1 .10 


6 




• 


ie.78 


311 


256 


8.38 


2.62 


31 




.169 




22 


256 


14.69 


2 .59 


18 






15.06 


322 


309 


9.9 1 


2.35 


24 


15.64 


.166 


10.36 


1 1 


3«»1 


13.78 


I .^3 


10 






14.14 


101 


3*7 


9.24 


2.50 


27 


14.81 


.211 


9.4S 



*llun nunbers with 3 dlfiitt denote full scale data. 



TABLE II 
MEAN PRCSSURC COEFFICIENTS 



Run 

Nunb«r 


Pircctlon 








Pressure Tap 


Number 










1 


2 


3 


4 


5 


6 


7 


8 


9 


1 0 


It 


12 


207 


186 


-.38 


-.'*3 


-.59 


-.45 




-.44 


-.29 


-.32 


-.56 


-.08 




-.20 


21 


186 




-.59 


-.76 


-.68 


-.62 


-.22 


-.24 


-.06 


- . U 


.45 


-.21 




310 


217 


.26 


.23 


-.18 


-.18 


-.38 


-.05 




-.M 




.22 






23 


211 


-.09 


-.11 


-.14 


-.13 


-.18 


-.05 


-.03 


-.04 


- .04 


.08 


.07 




24 


211 


-1 .00 


-.60 


-.53 


-.55 


-.63 


-.22 


-.12 


-.16 


-.02 


.67 


-.19 




311 


256 


-.12 


.12 


-.36 


-.«I5 


-.61 


-.84 


-.21 


-.70 




.46 




.35 


22 


296 


.10 


-.11 


-.36 


-.55 


-.59 


-.41 


.10 


-.54 


-.18 


.30 


.37 




322 


309 


-.52 


-.05 


-.22 


-.20 


-.24 


-.78 


-.47 


-.47 




-.09 




.15 


1 1 


341 


-.32 


-.14 


-.15 


-.23 


-.12 


-.50 


-.14 


-.37 


-.10 


-.12 


.30 
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TABLE I I t 
FLUCTUATING PRESSURE COEFFICIEMTS 



Run 
Numbtr 


0 1 rect ion 


Pressure Tap Number 


1 


2 


3 


M 


5 


0 


/ 


0 


9 


1 U 


1 1 
1 1 




207 


186 


.2^ 


.28 


.32 


.32 


.31 


.21 


.19 


.18 


.21 


.27 




. 19 


21 


186 


.25 


.28 


.31 


33 


.38 


.08 


.09 


. 10 


.08 


.26 


.08 




310 


217 


.33 


.33 


.28 


.28 


.32 


.32 


.25 


.22 




.29 




.29 


23 


21 1 


.14 


.15 


.15 


.15 


.17 


.09 


.07 


.07 


.04 




. 1 1 






211 


.22 


.10 


.09 


.09 


. 10 


.09 


.05 


.07 


.03 


.16 


.07 




21 1 


256 


.70 


.29 


.32 


.'tO 


.'»3 


.62 


.3 ' 


. 30 




.kk 






22 




. 1 2 


.19 


.18 


.25 


.20 


.18 


.09 


.2k 


.05 


.13 


.16 




322 


303 


.30 


.15 


.15 


.17 


.19 


.3'< 


.21 


.18 




.15 




.18 


II 


3*1 


.13 


.05 


.05 


.07 


.07 


.19 


.10 


. 1 1 


.05 


.0<i 


. 1 2 




101 


3^7 


.31 


.10 


.24 


.12 


.09 


.38 


.2S 


.20 


.10 


.25 




.'»9 



TA8LC IV 
^EAK FACTORS 
9 



Run 
Nunb«r 


Dl rcct ton 
(degrees) 


Pressure Tap Nunber 


I 


2 


3 


4 


5 


6 


7 


8 


9 


10 


1 1 


12 


207 


186 


5 


.9 


6 . 8 




5.1 


4.5 


3.7 


2.6 


3.1 


1.5 


4.7 






3.7 


21 


186 


5 


. 2 


7.0 




6.0 


4.1 


3.8 


3.9 


6.9 


6.8 


4.3 


4 


5 




310 


217 


4 


.5 


4.9 


6.6 


7.1 


6.4 


5.4 


3.8 


4.3 




5.8 






4.6 


23 


21 1 


4 


.0 


6.5 


5.7 


5.8 


5.1 


5.3 


4.3 


4.9 


3.9 


6.6 


3 


3 




24 


21 1 


2 


.9 


6 . 2 


4.9 


5.7 


4.3 


3.4 


3.7 


3.5 


4.2 


5.9 


3 


1 




31 1 


256 


!t 


.9 


5 . 5 


5.0 


5.0 


3.9 


4.3 


4.8 


3.4 




5.0 






4.7 


22 


2S6 


5 


. 7 


S.k 


3.9 


7.0 


6.3 


4.5 


4.3 


3.3 




3 . 5 


3 


9 




322 


309 


4 


.2 


3.8 


5.0 


3.7 


7.3 


4.7 


6.5 


3.7 




3. 1 






3.1 


n 




3 


.6 


4.4 


3.6 


4.2 


6.6 


5.0 


3.7 


6.3 


3.5 


4.2 


3 


6 




101 


347 


6 


.4 


2.7 


2.3 


2.8 


2.6 


4.8 


6.4 


2.9 




2.4 






2.0 
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TABLE V 
ZERO CROSSING RATES 



(C ross ' ngi /Sec . ) 



Run 
Number 


P 1 r B c 1 1 OP 
(degrees) 


Pressure Tap Number 




2 


3 


t* 


5 


6 


7 


8 


9 


10 


1 1 


12 


207 


186 


.37 


■ y't 


.3'» 


.35 


.36 


.36 


.37 


.39 


.31 


.37 




.25 


21 


186 


• 39 




.31 


.35 


.33 


.30 


.36 


.ik 


.15 


.2 1 


.26 




310 


217 


.23 


.26 


.32 


.31 


.32 


.23 


.27 


.31 




.31 




. 1 1 


23 


211 


.29 


.33 


.29 


.32 


.35 


.29 


.31 


.3'* 


.16 


.21 


.16 




2l| 


211 


.«»7 


.32 


.30 


.33 


.28 


.'•8 


.'•5 


.52 


.17 


.33 


.51 




311 


2S6 


.20 


.28 


.26 


.2 1 


.21 


.2k 


.3'« 


.20 




.26 




. 17 


22 


2S« 


.30 


33 


.33 


.36 


.28 


.21) 


.29 


.20 


.12 


.19 


.18 




312 


309 


.<i0 


.'•7 


.'•5 


.36 


.37 


32 


.%! 


.30 




.31 




. 2 1 


n 


3'il 


.3'« 




.32 


.35 


.35 


.25 


.27 


.23 


.11 


.22 


.25 




101 


3k7 


.'»7 


.46 


\k6 




.ii2 


.33 


.3« 


.*7 




.26 




.22 



TAtLE VI 
AREA -AVE RACE» COEFFICIENTS 



Run 
Number 


Direction 
(degrees) 


Tep 

Comb Inat Ion 




9 


Area 


310 


217 


1 .2.3 


.28 


4.6 


(.76) (1».27) - 3.25 


w 


11 


1.2.3.10 


.40 


«.2 


(.76) (4.27) - 3.25 


M 


M 


I,2,3»&,7,10,I2 


.21 


*.3 


(S.6I) («i.27> - 23. 97 


322 


303 


1.2.3 


.12 




(.76) (4.27) - 3.25 


II 


n 




.27 


5.3 


(.82) (5.60 - i<.65 


N 


N 


*,5.io 


.12 


8.8 


(.76) (3.05) - 2.32 
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ttOHLmEMU CALCIlIATiaNS OP GRODMD RBSfONSB IN BAKinQIlMCES 



by 



William B. Joyner 
Alb«rt T.r. Chan 
and 

Patrick C. Dohexty 



U.S. Geological Stixvey 
345 Midaief ield Road 
NCailo Park, California 94025 



The reapotiae of soil to strong earthquake notion involves a high degree of 
nonlinear! ty. Because of the difficulties in solving the nonlinear problem, 
most calculations of ground response are currently made by a method — variously 
characterised as "equivalent linear*, "qoaai -linear" , or "•train-compatible"— 
that aasuBss the true solution can be asprexiaated by tdM raapcnaa of a linear 
nodel «lio«e properties are dtosen to accord with the av«rage strain that oeeors 
in the nodel during excitation. The average strain level is determined by iter- 
ative calculation. To solve the nonlinear problem directly, we have developed 
algorithms by whirrh tJ-i° hysteretic behavior of an individual soil element can 
be efficiently modeled in a ooapoter. The algorithns enable us to model any rea- 
sonable set of hysteresis loops of t^e Kasln? type that laboratory experinents 
Bay ■Ji.jtdte. We are experiment! ntj with v^jricus n-jaoiical tcchniiiurs for intpgrat- 
ir.9 UiK basic nonlinear dif fertntiai e^uatioas, ir.cluciiig tlit neUicju o£ uiiaiuc- 
teristics as described by Streeter, Wylie, and Richart. A comparison was made 
between the equivalent linear and the nonlinear solution (using the method of 
characteristics) for a 200-mter section of fim alluvium eKcited at its base by 
the N21E component of the Taft accelerogram multiplied by four. This excitation 
produced peak strains ot several tenths of a percent. The nonlineat solution 
showed substantially higher spectral levels o£ re^onse at five percent daSlping 
for periods between 0.1 and 0.6 seconds. * 



Key Moras: Elastic medivw; engineering seisnvologyj ground layer; numerical solution; 
shear wave. 
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INTRODUCTION 



The pxoblM Mm undartaka to solve in this pap^z i» basically a vscy siavia ona. Ma 
poatttlata a syatan of horizontal soil layars bounded above by the fraa aurfaca and balow 

by a E^emi- inf i ni te eljstic mc-f'i llt. roprcstiriting t}:u bedrock. We further postulate a verti** 
cally incident shear wave in the underlying medivam, and we ask tha question, "How will the 
overlying liqf«rs zeapond and in partleia«r« lAat ylll be tint notion of a point oo tha free 
aurfaca?" 

This is a classical problfrr. jn engineering Beisiroloc;^' . There is some disagrfeenent 
concerning the range of appliC2U>ilxty of che solution, but no one would deny the importance 
of solving this relative!^ eivpl* problaai correctly. 

the problem waa solved for tiie oase of linear viaoo-elaatie layers by Kanai (1952) 
SOae years ago. When we are dealing with input motion sufficiently intense to cause severe 
damage to structures, however, we cannot assume simiple linear behavior. To do so would 
imply stresses many tljiiae greater than the strength of typical naterials as aeaaured in 
the laboratory. 

To circumvent this difficulty, tha method in cotomon use currently is what we shall 
refer to as the "equivalent linear method" (Idriss and Seed, 1968; Schnabel, .Seed, and 
Lysmcr, 1972) . It iii basud oi; the asii'arnp tion tl'.at tlie response can be approximated by tlje 
response of a lin^iar model whose properties are chosen in accord with the average strain 
that occurs in the model daring excitation. The average strain level is detenained by 
iterative calculation. 

On ari intuitive basis the equivalent linear assumption is reasonable with respect to 
the frequencies that are dominant in the strain history. Tt is less clear that the assump- 
tion is adequate with respect to higher frequencies, which may b>> laportaat to tlie aafety 
of small or rigid structures (Dobry, Mhitnan, and fioesaet, 1971) . 

Wti undertook to obtain a solution without making any assunvtions that bypass the latder* 
lying nonlinear character of the physical procesaea involved. 



The basic reqiiirement for a solution to the problem Is a constitutive relation—in 
Bxmplc terms we need a rule tliat will tell eat;l: soil clement how to find its way around 
the stress-strain plane. For this purpose we have adopted a model (Figure 1) titat was 
originally prapoeed by Xwan (1967). it is composed of siayle linear springs and couloab 
friction eleaents azraaged as ahom. The friction eleamnts renain locked until the streea 
en then exceeds the yield stress Sj. Ilien, they yield, and the stress acroas then during 
yielding ia equal to the yield stress. Generally, the yield stress of the first element 

is set to zero. By choosing the spring constants Kj appropriately, we can model a very 
broad range of material behavior as dictated by laboratory ejQjeriBsnts. Hie faithfulness 
of the Modeling depends upon the nueber N of eleatsnts used. We have fbund it poesible to 
use large nuabere eoonoadcally. For our typical problen II is 50} we have gone as hiffb M 
100 without unreasonable increases in computing time. There is one Bodel of tiie Icilld dia- 
gransmod in Figure 1 for each soil layer In th# system. 

The type o£ hysteresis loops that such a model produces is shown in Figure 2, which 
illttstratea the behavior of a single soil layer subject to cyclic loading of inoreaeing 
aoplitude. The loops of Figure 2 are plotted in terns of reduced stress and reduced 
strain — scaled in such a way that the maximum stress on the easple is one unit and the lev 
strain modulu.q has a value of one. The spring constants of the ir^cdel were chosen to give 
the behavior as a function of strain indicated by the experimental work of Hardin and 
Omevidi (1972a, 1972b}. 

To satisfy the boundary oonditlone at the beee of tiM syetan of soil layers, we use 
a netiMd deeeribed by Papastamatlou (1974) . That aMtAod allflws us to satisfy the boundszy 
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con<iitions exactly tor a vertically incident wave in the underlying elastic medium, yiven 
the density and shaar velocity of the elaetie Dediuai. The apti roach ia BimLlav to that 
dsBeribad by tynner and Kuhleneyer (1969) . 

Givon a constitutive relation and a boundary c-onditicn, at the base of the nystem, wp 
need only integrate the equations of motion ;-:tep by step m time and space to obtain the 
notions at the surface. We have experimented with a number of methods of integration (Chen 
and Joyoar^ 1974). This exparimentation is continuing and wa are not yet prepared to dis- 
cuss the relative merit of different methods, but we are satisfied that the metliod of 

characteristics, as described by Streeter, Kylie, and Kichart (1973) f gives accurate re- 
sults and the example that toiiovu was done witti chat ir.echoa. 



EXAMPLE 

To demonstrate the method we chose the L,t:il profile ilinstrated in Fiqure 3, represerit- 
tng a 200-meter section of firm alluvium. We evaluated the depth variation of naximu-Ti 

Stress the low-strain modulus using the methods of Hardin and Dmevich (1972a, 1972bJ , with 
minor modifications. He assumed a density of 2. OS gm/cn^ and converted shear modulus to 

Eiuici' velocity, which is plotted in figure 3. A past con5ol.\dation vertical ctress of 2.94 
bax3 was assumed. As a result, tlic material wai tjverconaolidatod above a depth of 29 meters, 
causing kinks at tliat depth in the two curves on Fiyurc J. Tlie underlying mediW was as- 
sumed to have a shear velocity ot 2.0 )an/eec and a density o£ 2.6 gtq/cm^. 

For imput we chose the N21E conqTOnent of the Taf- accelerogram, recorded during the 
1952 Kern County, California, earthquake. We multiplied the amplitudG by a factor of four 
so that the input motion, if incid<!nt on a free surface, would linve a p^eak acceleration of 
0.7 g and a peak velocity of 67 on/sec. Figure 4 shows the input acceleration ziaa his^ 
tory and eonpartta tha surfaea accalaration computed by tha nonlinear nathod and the equiva- 
lent linear metliod. There are definite points of similarity, but It is clear that the 
equivalent linear approximation does not adequately represent the short-period components 
of motion praaant in the nonlinear solution. 

Comp«uring the nonlinear solution with the input shows the affect of the postulated 
soil profile on ground motion. The peak acceleration is sharply raduead. The longer 
period confionents are amplified, however, and the overall effect may be a more damaging 
motion as will )>e illustrated subsequently. 

Figure 5 shows the corresponding velocity tine histories for the same example. Com- 
paring tha nonlinear and aquivalcnr imcar solutions, wa sea much better agreement, indi- 
cating that the equivalent linear .^ppi ximation is adequate with respect to the longer 

period components that are dominant in the velocity time history. Con^piarinq the r'.onlinear 
solution with the input shows clearly the amplifying effects of tlie soil profile for long- 

period motions. 

TO illustrate the eonsegiMnees of these results for structures we have oon^tad re- 
sponse spectra. Figure 6 shows the acceleration response at five percent dajnpinq for the 
throe motions between zero and 1.,? secoiids period. The line represents the input, hexagons 
the nonlinear solution, and cro55es the equ:valent linear solution. It is clear that the 
equivalent linear method significantly underestimates the intensity of motion for periods 
between 0.1 and 0.6 seconds. This period range eerresponds to struetores between one and 
about aix sterias. The importance is obvious. 

Comparing the input response witli the nonlinear resiionse in Tigure 6, one might be 
tenpted to conclude that for short-perxod structures, the motions on alluvium would be 
less damaging than on bedrock. Considerable caution is indicated here. For one thing, 
different soil materials, dense sands, for example, might given more intense motions, fos- 
ible lengthening of structural periods due to deformation beyond the linear range reeds to 
be considered as well as the effects of duration nor accounted lor in the respoi-ise spectvam. 
Consideration should also be given to t-he eiiucts of ground deformation and ground failure. 
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FiyUite 7 cotdpartis Lhe rfclativu velocity reaponse spectra at iive percent damping for 
the range from zero to six seconds period. The results show that the equivalent linear 
approxiaation is adequate for the longer period* and that the soil site gives large aiif>ll- 
fieatioo for longwr periods. 

During the running of the nonlinear solution, we monitored the peak strain for each 
depth Intamnl. lhe wwinww wm 9 x 10~^ f» the interval froa 33 to 35 Beters. 

Aw oMiparatlve costs of the twe sietiiods la dlfflealt to emloate in the qtnnal case 
heemiM It is possible to run the equivalent linear netitod using fewer layers, depending 
on the detail one wishes to represent in the soil profile. For the example presented here, 

however, using the same nirrber of layers for both methods, the nor.linear solution required 
less than half as much computer time as the equivalent linear. So, we believe that, in 
general* it will be ooapetltiver nt least. 
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1. Model used for conatitutiva relationship. Nodal oonsist* of «in(ple elastic springs 
with spring constants Kj and Couloai) friction elsnents with yield stress S^* 

2. Hysteresis loops for the model shown in Figure 1. Stress and strain are scaled so 
that tba imiicliinni stress and the low-strain nndttlus are oni^. 

3. Dynamic properties for soli profile used in sasple problem. 

4. Acceleration time histories tor sampie problem. 

5. Velocity tiae histories for saqple problem. 

6. Accftlt^rat ion response at five percent dair.pinq for sample problem. The liriti roprc'scnts 

the input, hexagons the nonlinear Holution, and crosses the equivalent Ij-atax ;=olutiofi. 

7. Relative velocity response at five percent damping for san^ile problem. The line repre- 
sents the Inputf heagons the nonlinear solution r and croeaea tiie equivalent linear 
solution. 
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OBSBRvnancN mid Muu.ysi$ or groqmd kbskxisb in bmrthodmos 



by 
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Hioistry of Transport 

Kdjlme TDUchida 
Chief , Eaxtliquake Res is tun t Structures Laboratory 
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In tiM flald of port and harbor anginaarlng, the ground response due to 

earthquakes is generally considered. However, there are many problems at pre- 
sent in idealization of the surface layer, input ground motions, and nonlinear 
behavior of the soil. In order to provide acme desiqn data in these areas, 
research has been conducted using six downhole seisauxaeter arrays established 
in port areas in Japan, lypieal ebaerved aceelaration tioa histories have been 
obtained and are shoMX and oonpaxad with those ealeulated by the m n lt i ple rs" 
flection theory. In order to investigate ground reaponse relative to structures 
of large length, such as a tunnel, a two-dimensional seismometer array has been 
established. Examples o£ the considerations of the ground response required 
in practice are seen in ■ieroaonation in tiie earthquake proof design of a sub* 
aigpeous tunnel. 

Rsy Words: Earthquake; field data; ground re^anset eeiseic iMves» seisMoneterj 

soil-structure interaction. 
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INTRODUCTION 



In recent earthquake- engineering practice, a concept has been introduced which con- 
siders the earthquake response of the ground; hero tha ground ir.eans surface layers over- 
laying the base rock. The amplification of ground notions through the surface layers was 
first observed and the theoretical analysis, so-called the multiple raflection theory, da* 
vel«ped by Dr. Kanal (1). However, .the introduction of this oonoept into desiqn practio* 
haa taken several years. In the field of port and harbor engineering, the first step re- 
lated to the amplification problen was to revisa the procedure in determining the design 
soismic coefficient. Tho old design sei.sniic; coefficient was a function of only local seis- 
micity. In the new procedvire the design seismic coefficient is a function of subsoil con- 
dition underlaying the structure, as well as local seismicity and iiqportanca ot the struc* 
tura (2). Even in titla r«vision, the subsoil condition was taken as only one of the fac- 
tors, and only because of past experiences obtained during destrtictive earthquake events. 
It was noted that dur'-.ng these eartliquake? , damage to the structures did depend -he- 
subsoil conditions, however, a clear understanding of the amplification of the ground 
notions was not considered. 

The soil structiire interaction analysis, which has becoine one of the main topics in 
earthquake engineering research during the last decade, has provided insight to researchers 
and praccicing engineers relative to the significance of ground motion response. Progress 
through the application of oonputer techniques has assisted in the introduction and the 
coMideration of the earthquake rai^onse of surface layers to be used in practice. The 
International Conference on Nicrozonation, held in Seattle in 1972, clearly showed that 
many researchers and engineers intend to consider the earthquake response of surface layers 
in design practice. In the previous joint meetings o£ the U.S. -Japan Panel on Wind and 
Seismic Effacts, DjNR, Dr. Jcyner end nr. BorcActoardt have presented reports on tliis topic 
(3) and (4). 

In the present paper the authorc will report on the practical problems involved in 
earthquake response calculations of the ground, ot>3@rvation of thd ground response in port 
areas in Japan, analysis of observed records, and design exaiples in which the ground re- 
sponse in eerthqualcea is taken into consideration. 

PRACTICAL PROBLEMS ON GROUND RESPONSE CONSIDERATION 

From the viewpoint of the seisaiology, the ground response in earthquakes can be ex- 
plained as follows: the seismic waves vrtiieh enter the surface layer, travel from the 

epicenter to the base rock site In consideratLw and propagate inward into the siirfBee 
layer, and during the propagation, the anipllfication and phase shift of ttie notion occurs. 

In principle, the process is quite clear, however, in practice, there are some problems. 
The first problen that confronts the engine.ers is the determination of the base rock. In 
Siaoy sites the rock fomation is so deep that it is not possible to idealise the surfaoe 
layer overlaying the base rock into a nodal to calculate the earthquake responae. 

The second problem involves tho input base rock motions; in other words, cb-- ^.^rth- 
quake lootions in the base rocK. Thure are not maiiy recorded records available of the base 
rock notion that can be used by engineers. 

The third problen Is the idealisation of the surface layer. At present three well 
known major idealizations are used; they are 1) multiple reflection model, 2) finite ele- 
ment model, and i) lumped mass nodol. There is, however, little inforrriation on the appli- 
cation of these idealizations for use by cnginaors. Also, all of the idealizations axe 
faced with the problem of how to incorporate the non- linear behavior of the soil. 

The solution to those problems have not been found. However, to apply the techniques, 
the engineer is forced to make reasonable assumptions within the present state of the art . 

The followjng will present sonte of the answers relative to the problems concerning the 
earthquake proof design of port structures, when the base rock exists at considerable 
depth, and it is not practical to idealize the whole layer into a nodel to calculate the 
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earthquake response, a layer extending widely beneath the structure is considered as an as- 
siBsd base rock instaad of the zeal rock foznatlon. Vbm assumed base rock, howewar, mist 
satisfy the following reetuiremants > the she or wave velocity of the assumed base rock is 
significantly larger than that of a layer iranediately overlaying it; the standard penetra- 
tion value of practical base rook is equal to or greater than fifty. 

The idealisation of tlie surface layer depends on several conditions to ealeulate tdie 

earthquake response. The multiple reflection nodel is frequently used to estimate the 
ground anplif ication and to calculate the base rock motions, as obtained fr«B the records 
at the ground surface. ]n soi'. st.rM-r.urp interaction problems, rhe finite element model 
and the luiriped mass model are applied more conveniently than the multiple reflection model. 
Non-linear behavior of soil is a very difficult problem to solve, thaxefore, the evaluation 
of the ground ra^onae in earthquakes, in connection with port structures* are treated 
assuming titat the soil behaves linearly. However, it will be noted that in the ealeulatico 
of the lateral resistance of piles, the non-linear behavior of soil has been taken into 
consideration (5) . Also a quasi-non-linear approach is introduced into the airplification 
calculation , that is, the soil is considered as a linear material but the shear modulus is 
asaumad as modified, depending on the calculated maxianm strain of the layer. This approadi 
•Msntially requires repetitive calculations. 

The solution to the basic problem described herein depends largely on the findings 
from the analysis of strong-motion accelerograms emd base rock accelerations, as calculated 
fxon the aeoelerograns obtained from the moltiple reflection theory (6) . 



OBSERVATION OF GROUND RESPONSE IN EARTHQUAKES 

Six downhole seismometer arrays have been established by the Port and Harbor Research 
Xnatitute. The first array is located in the test field of the researdi institute in 

Yokosuka (7); the other four arrays are located in Tokyo, Funabashi, Nagoya, and Osaka 
Ports to provide information for coastal structure design, ai^d the last array is in Kawa- 
saki Port, to provide data for the earthquake pro-of design of a suba jui-ousi tujinel. Ti.is 
tuiuiel will be constructed similarly to the procedure that was used for the BART tunnel 
crossing at San Fraacisco Bay. Tba arrays in tha Tokyo Port and in the teat field in 
yokesiika have the lowest seismometers on zock fomatlons. 

The specification for the seismometers of the arrays, excvt those in Yokostika* are 

as follows: 

Type Moving Coil Type 

Caqponent Two/Three Oonponents 

Natural Frequency of Transducer 5 hs 

Natural Frequency of Galvanomter 110 ns 

Overall Sensitivity About 1 jnm/gal in max. 

The signal corresponding to acceleration is recorded on an electro-magnetic oscillograph. 
A magnetic tape data recorder may be more sophistieated than th* aleotxo-iBagnetic oacilio- 
graph, however, the mechanism of the data recorder is very delicate and the oscillograph 

that was chosen has a higher reliability in recording operation. A disadvantage of Vh» 
cscillograph is the time required to Viqitize the oscillograms. To overcome this disad- 
vantage, an oscillograiB digitizer has been directly connected to a small scale hydrid com- 
pittter, nhidi hw been introduced Into the authors' laboratory, with the digltlser, a 
trace of about seventy centimeters in length is digitised within a few aiinutes. 
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KBCCHIDS AND AMALYSIS 



As an example of the data that has been obtainod, the records from the seismometer 
array in Kawasaki Port and tha results of preliminary analysis will be described herein. 
As nnitioned pareviousliTr thft amy has bean established to obtain data for vs* in the 
earthquake proof design of the 1380 meter long Kawasaki Port sabaqoeous tunnel. 

The array co:iti3-^v of four downhole seismometGrs , located at depths of 1, 15, 40, and 
63 meters below tha ground surface. The lowest seismometer rests in a sand layer, which 
has a standard penetration value exceeding fifty. This layer is oonsidered as the asstned 

base ror-k in the earthquake response calculation. The subaqueous tunnel to be constructed 
will exist entirely above this layer. The boring log and the shear wave velocity are 
Shown in Figure 1. 

DoriiMT the last year, eight earthquakes were recorded. Ifiree of the records show 

relatively l.irqp anpt i t-ir!c?s of the vertical distribution of T.aximum a.-cf^ler-itiDns" , a:-' 
shown in Figure 2. It was observed that the maximum accelerations decrease witli increase 
In the depth. 

In Figure 3, reproductions of the acceleration tine histories of the EM component re- 
corded on April 6, 1973 are shown. The acceleration time histories at the boundaries be- 
tween soil layers were calculated from the ground surface acceleration time history based 
oil vl'.r- multapjf reflection theory. These results are shown in Figure 4, together with the 
recorded time history at 63 meters below the ground surface. 

The results from the observation and the analysis # such as a frequency tranafar foae- 
tion of the site, are reflected in the responBe calculation and the dynamic model teat of 
the tunnel. 



TNO DUSMSIOmL SBISNOMBIBR MWAY 

The seismometer arrays described previously are all vor-v i cally uni-dircctional. For 
many t'jT^?! of structures, such as a tunnel and a pipeline, rssiative ground movement along 
the strarture is very important for their earthquaJce proof design. The Port and Harbor 
Research institute has, therefore » established a two-dimensional seismometer array. This 
array is located at Tokyo Xntemational Airport along a straight line of 2500 meters, para- 
llel with the C airioft runway. Seven seismometers, each of which contains two horizontal 
transducers, were installed at an equal spacxng of 500 meters along the 2500 meters. At 
one end of the line and at 500 meters inside from the other end the downhole seismometers 
were installed at about SO and 67 meters below the ground surface. Therefore, the seis- 
acewter system can reoord a tMO-dinensional ground resiponse in the vertical plane. The 
arrangement of the seisHOSieters is illustrated in Figure 5. 

Setting of the seismoswtera was oosvleted in March of this year 1974. 



ESCAMPLBS OP GttOOND HESPONSE OONSIDBRATION XN PRACTICE 

yracticril exanples, in which *he qrnunLi response to earthquakes Should be considered, 
will now be explained. As described previously in this paper, in the earthquake proof de- 
sign of the sidaaqueous tunnel in Ka w a s aki Fart» the ground re^onse was givsn in detail. 
The actual tunnel was modeled, together with the surface layer, using a limped mass syatesi 

in which the surface layer and the tunnel was connected by springs which represent the 

stiffiiT-PP of t.he soil. The input earthquake accel erationa that, were userl were obtaineii 

from the base rock accelerations calculated from the accelerograms at the ground surfaces 
given by the multiple reflection theory (6). 

Another exanple was the mierezenation in the coastal area along Tokyo Bay. At pre- 
sent, effort is being directed toward the examination of the seismicity of the coastal and 
port structures in the area, and the microsonation o£ the amplification of the earthquake 
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motion. In tha zoning work, the a^plifieatloit of th« earthquake motions through the sur- 
face layer were calculated by tti» aniltipl* rsflaotion theory* ftlsOt th* qa««t*non<-lln*ar 

approach was used (9) (10) . 
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Fig. 3 Acceleration time histories 

Earthquake of April 6, 1973, EW component 
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RBSBDJCH STUDY OH LIQUEFACTION 



by 



W.r. HucuMtl, III 



U.S. Amy Engineer Natexwaye Ejqperlnaat station 
Vlcksburg, MlaslsalEipi 



A research procrram id bcinq undcrtakein by tl;e U.:~, Army Corr-s cDf EriqiiiGGfS 
to evaluate the liquetaction phenomena relative to earthquake response of earth- 
filled doaa. Preaant and future studiaa axe auBnariaed. 



Werdat Barthflll daowi earthquakasf gxatinid shaklngj Llquiaf action i aoll 
density; stability. 
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mnuDUCTioN 

A najer cause of damage of eataatrophie fallore asacxrlated with eazi-hguakes is effcen 

attributed tro liquefaction and/or sl'jmping of colicsicnless soils as ci result of dynjralc 
excitatiori. The inportance of liqucfactioii wa;; recently highlighted by the r»e«il f.=.i]iire 
of the Lower San Fernetndo Dim daring the 9 February 1971, San Fernando Earthquake. Many 
Other liquefaction failaces have occurred and are documented in the literature (1, 2, 3, 
4). 

As a result of the near failure of the Lower San Fernando Dam, the Corps of Engineers 
(CE) initiated a research program on liquefaction phenoinenor. . A i-iumber of thp.nf= investi- 
gations are being conducted at the U.S. Army Corps of Engineer Waterways Ejqperiment Sta- 
tion (WBS), Viekdaer?, Mississippi. The objectives of these studies are (a) to evaluate 
the- Boismic stabiHty of the CT" hydraulic-fill <lrirns, which fortunatf^l y arfi IncAted in 
areas ci£ low to moderate seisxicity, (b) to ev-aluate the dyr.oirac rospoase cf proposed Corps 
structures which arc to b-j locatyd ir. areas that are known to be seismically active and 
(c) to iiaprove the Corps ability to detecnine in situ density and relative density or to 
develop an index uhl^ can be reliably related to liquefaction fiotential. This payper will 
discuss these activities. 



CYCLIC TRIAXIAL COMPRESSION TESTS 

Soil bduivior under conditions of strong ground shaking is determined by cyclic tri- 

axial compression tests. In such tests, the deviator stress is uniformly increased and 
decreased while maintaining a constant chamber pressure. The test equipment utilized by 
WES is shown in Figure 1. The pneumatic control unit consists of regulators and solenoid 
valves that axe actuated by a cam-operated microswitch. The values provide altematinq 
air pulses to a double acting air cylinder (loading) piston such that a cyclic load is 
trannnitted from the air cylinder through the piston to the sample. Obviously » careful 
calibration was required, considering friction in the system ard uplift pressures gen- 
erated by the chamber pressure, to regulate the pulsating air pressures so that the de- 
sired loads are ii^osed on the ^eeinens. 

Electrical presstire transducers, a deformation transformer, and a load cell are used 

to measure pore prcssurr- and charrber pressure, axial deformation, and axial load, respec- 
tively. Because of the rapid change in Scunple behavior at liquefaction, a high speed re- 
corder is required to provide a continuous record of events during the tests . Figure 2 
is a photograph of this equipment. The triaxial cell is on the right with a 2.8 inch di- 
ameter soil sample inside. Itie large rectangular unit in the center is tiie pneunatic con- 
trol unit which houses the air pressure regulators and solenoid values. The unit on the 
left is a high speed recorder which provides a continuous record of the test data. 

The majority of teats performed to date have been conducted on remolded samples of 
cohesionless material consolidated to isotropic or anisotropic conditions as required. A 

back pressure is applied to the specimen to ensure saturation. Saturation for these test- 
ing programs is defined in terms of Skempton's B-parameter. The B-parameter is equal to 
the ratio of the change in pore pressure to an induced change in chamber pressure. The 
value is checked in these tests by closing the drainage line and increasing the chamber 
pressure a desired amount, and observing the Increase in pore water pressure. Typical B- 

values are 0.98 or greater for these testing programs. The specimens are subjected to a 

cyclic vertical load at a frequency of 2 Hz. Liquefaction consists of large deformation 

And A partial to total loss of strength. At the start of cyclic loading little deformation 

occurs, but as the cyclic loading progresses, the pore pressure increases thus reducing 

the effective stress. Hie CB presently defines initial liquefaction as the stage when the 

pore measure first becomes equal to the chamber pressure giving an effective stress of 

eero. Nhen this happens with a loose specimen, large deformations soon occur, niis is 

sihawn in Pioure 3, whic^ is a plot of stress ratio /2a versus cvclcs of loading for a 

dc a 

ooiMsionless material at a density of 98 pcf or a relative density of approxijnately 60 

percent, o , is equal to the cyclic devlator stress and c is equal to the ambient con- 

Qc a 

fining pressure. The curves are for initial liquefaction, ten and twenty percent peak-to- 
peak Strain. Approximately three cycles of loading are required for the specimens to 
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undergo twenty percent strain after initial liquefaction has been reached, 'rtio rcapor.ae 
of a dense specimen is substemtially different, figure 4 is a plot of stress ratio versus 
number of cycles of loading for the same cohesionless material at a density of 109 pcf or 
« relative density of ai>pxoxinatAly ninety percent. At this density aepxoximateiy fifty 
cyelea of atreaa were required htftua Inltlel liquefection to reach ten perceat peak-to- 
peak etarain and twenty percent peak-to-peak etrain wae never reached. 

WES has used the results of these tests along with dynamic finite elen»nt computer 
calculations to assess the stability o£ both operational structures and proposed stroc- 
turaa (5, 6, 7, 8) . 

The CE is also currently funding cooperative research on laboratory testing in this 
area under the direction of Professor A. Cacagrande at Harvard University. Doiisc sand 
spednens have been dynamically excited in a gyratory shear device, ^ecimens have been 
frosen lanediately after liquefaetiein> Samples were then cut Into nany inerenante and 
soil properties of each increnent are determined. Evaluation of these data is ongoing 
today and should be published within the year. Tentative results indicate that the be- 
havior of dense send specinBns is governed by the nigration of water within the speoiaea* 



The response of a cohesionless soil when subjected to dyna.-nic loads is a function of 
Its density or relative density. The accurate determination ot the in situ density or 
relative density of a cohesionless material below the water table is a difficult and tine 
oonsvning proeednre. ttork was conducted at HES in the 1950 'a which showed that undis- 
turbed sand sanples eould be taken below the water table for density detemlnations (9) . 
During this invostiyatiin, a procedure dovolopod by V7ES (10) using a fixed piston sandier 
and drilling mud vas employed to obtain undisturbed sand sajotfiles. Briefly this procedure 
is as follows: (a) As soon as the sarple is removed fro:r. the drillhole, a packer is placed 
in the bottom of the saiqple tube and the saaple is allowed to drain while remaining in a 
vertical position, (b) After drainage » a padcer is also placed in the top of the tube end 
the <3a!nple is placed in a rack in a horizontal position and fixed against rotation. A 
rubber hammr Is then used to tap the specimen 25 times from left to right and 25 times 
from right to left. (c) The yanyle is transpor tod to a laboratory in this condition, 
(d) Once in the laboratory, the samples orientation is never changed (i.e., no rotation 
of the sanvle whatsoever) . It Is cut into three-inch increnents for density determination. 
F^rsseatly Wes is x-raying the sempl* end cutting the saaplea into incrcMnta as indicated 
in the rediograph for density deteznination. Figure 5 is a plot of height frOtt bottOK Of 
sample tube versus correction for location of increment in t'aLic for various relatiw den- 
sities and summarizes the results found during this earlier investigation. Thla plot 

Shows that no correction is necessary near the center Of the tube and the extreae density 
corrections are in the order of 2 pcf. 

WES is pre?;ently checking the previously dp.ve-Aopo.cl method of undisturbed sampling of 
sands to determine its adequacy for determining the in situ density of cohesionless a>a- 
terials below the water table. Indirect methods of in situ density determinations are 
also being evaluated. Penetration and aaqpling tests are being conducted inside a 4 ft. 
diameter by 6 ft. high stadced ring asseaibly. Figure 6 is a photogra^ shcMing a sand 
sample inside the stacked ring device. The rings are approximately one inch thick and 
have a tongue and grooved neoprene gasket between each ring. The purpose of this device 
is to minimize sidewall friction and thus give a irore realistic stress gradient in the 
saeple. The sand has a median size of approximately 0.2 mm and about five percent passing 
the Me. 200 sieve. Thie material is placed inside the stacked rings using a raining tecb- 
niqiie daveloped at MBS. Saaplea are plMod at kacm densitiea in six iadi lifta. Figure 
7 is a schsmatic showing the entire stadced ring asseaibly and the sand saavlo. MBS pres- 
sure cells are placed at three locations in the specimen. Each location has a series of 
six cells, three vertical and thr«»e horizontal. The assembly is located in a pit in the 
floor of the laboratory building. A rock filter exists below the sand S2usiple and water 
is introduced at this elevation to submerge the sanpla. A water bag is placed on top of 
the sand saaple and a loading device with thrae hydraolio rams is used to apply presstire 



EVALUATIOK OP IN SlTtl DEaiSlTy 




to the water bag thus ensuring a unifoni strMS ^stribtttlon on th« top of the saniple. 
dctre 1« « five Inch dl«aeter bole In the center of tlie loading device and water bmg and 
three tAxee-ineh di«aMt«r holee located thirteen inctara out fTon the center on 120 degree 
r»i ials. Figure 8 Is a photograph of tiie bag before it le placed on tihe top of the eand 

specimen. 

A vertical pressure is applied to the top of the specimen and consolidation is allowed 
to occur, undisturbed fired piston aonples ore taken in ttie oanter hole. Standard pene- 
tration teats (SPT) are conducted in each of the three radial holes. Figure 9 shows the 
overburden device asGeiJibled and the drill rig in its operational position. Tentative re- 
sults of this work indicate that an accurate determination of density can be made using 
the fixed piston sauries and add confideztce to our earlier findings. Use of absolute in- 
stead of relatiw densities is desirable for seismic analysis of a ^aoifie project, but 
relative densities are needed to conpare analyses and evperienoes at different sites. 

Attea^ts have been made to correlate SPT "N" values (nuicber of blows required to drive 
a splitepoon the lost twelve inches of an eighteen-inch drive) to relative density. The 
enalyele of these data is inoonclnsive at this tiae. 



rUTUDB ZMVXSTVShTXQNS 

Most of the liquefaction analysis that have been nade in the U.S. have been based on 

work done by Professor Seed and his coworkers at the University of California. This work 
has placed great einphasis on the liquefaction which occurred during the Niigata earthquake 
of 1^04 (10). Professors Caaagrade, Harvard University*; It^ck, University of Illin-jia; 
and Seed have all emphasized the need for direct determination of density at sites where 
lig^faetion has oecuxred. zt is believed that tiiis is especially iiqportant at the nii- 
gata site. Professor Casegrande also believes tiiat the geologic age of the various sand 
deposits could be an inportant parameter vhieh has not been studied to date. The CB feels 
that a program of undisturbed sampling at the Miigata site would greatly enhance existing 
knowledge on liquefaction phenomenon and recoamends that such studies be made if feasible, 
lies would be pleased to offer technical assistanoe in this natter if desired. 

NBS has recently purchased a sophisticated closed loop loading apparatus. This e quxp- 

inent along with other apparatus that are currently being developed at KES should give the 
CE the capability of cyclicly testing up to fifteen-inch diameter specimens. This equip- 
aent also has the capability of using a random input (actual earthquake time history) to 
excite the specimtn. The CE plans to utilise this equipment to gain insight Into paraxon 
eters such as the geometry effects, the effects of frequency , tlie effei:ts of wave shape 
and forir., and the aBF^unpti or.s currently ussd Itt going fifou the actusl field earthquake to 

equivalent laboratory conditions. 

The CS is extremely interested in developing a mathematical model which would predict 
liquef action. Vheoretieal work is proposed In the near futujre to develop such a model. 

WES is currently funding research at the University' of Michigan utilizing the method of 
characteristics to see if this approach can ho used to predict liquefaction (11) . The ob- 
jective of tl.is mvostiqation is to soc- if the method of characterist: can accurately 
predict the response of the Lopez Dam during the 1971 San Fernando Earthquake. 
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Fig. 2. Cyclic Triaxial Test nquipment 
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R sarl«s of field vibration experiments were performed in order to esti- 
mate the liquefaction potential of s^sndy soil during earthqueU^es . Horf^ hole 
explosions were used as a vibration source. A f.ignifioant relation was lound 
between the ground stiffness and the pore-water praasure aa caused by the ex- 
plosion, h proposed method luw been developed for astination of the liquefac- 
tion potential. 
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PREFACE 



Sines the Mligata and Alaska Earthquakes in 1964, and tlie disastroiB affacts due to 

liquefaction of a sandy ground or a sandy embankment, there has been increased interest 
and concern in the liquefaction phenomena. Extensive research and study has, therefore, 
been conducted in various countries relative to this problem. 

Based on the results of titese studies, several siiqole metitods have been proposed in 

order to estimate the liquefaction potential (1, 2, 3, 4). These n^r.hols n^-^ tte ?:- val i! , 
as obtained from conducting standard penetration tests, the reltitivs.- deuaiLy arid the ^rtim- 
siz'-- distribution, etc. Other methods (5, 6) use a combination of the results obtained 
from dynamic shear tests and the analytical results o£ the ground vibration to estimate 
licpMfaction potMttial. Xn addition to these methods, a teduiique which can estimate the 
liilQefaetlOB poSSlbill^ of tbe soil in the in-situ position, that is at the field site, 
is stost daairsbla, Vhis is because generally the in-situ soil has the following charac- 
terlstiesf 

(1) There may exist a certain censntation strength among the grains in an un- 
disturbed state, even in a san^ soil, depending upon the age and the de- 
velopment of the deposit (for instance, old alluvial deposits or reclaimed 
land ). 

(2) The soil may not be uniform, but may have laminations ehidbi can include silt 
car gravel layers, or a surface soil may be present. 

One of the most logical mc'Jiods that can be employed to investigate the ground bcliav- 
ior under vibration is to apply an artificial vibration source at the actual test site. 
The inducement of an artificial vibration can be aefaleved by a bore hole e^^loaion and by 
driving piles. 

Explosion r^ c thod [1 , Z, 91 : "lurin hai j r j; .sed a criterion for the estimation of 
liquefaction potential, Ly txaEixiii:;.; U.e :rva.;ii.itude of the average settlement of the 
grouiid surface within the radius of 5 m from the explosion point, by blasting 5 -o: 
of asBvonite e;vlosive at the depth of 8 m to 10 m and the ratio of settlement by 
three successive explosions at one place. By this method, if the average nuignitude 
of the settlement of the ground surface within 5 m radius is below S m to 10 em, there 
is no need to provide any measures against liquefaction of the soil. 

Pile Driving Method (10) « This method estimates liquefaction by reading the accele- 
ration meters and the pore pressure gauges installed in the ground to meilsure the 
vibration of the ground caused by the driving of a steel tube pile or a sand ooaipae- 
tion pile. 

The following will describe an outline of the liquefaction estimation experiment, us- 
ing tiie explosion tebhnique, undertaken by the ?ijblic works neseareb institute. 



PLAN OF EXFBBINEIIT 

(1) Site of Bi^erlflMnt 

^e site where this ei^erinent was performed was at the high water channel of the 
Agano River, in Nligata Prefecture. The eaiiankmsnt of 'Oils river had suffered cracks, 

slidings, and settlements at numerous places during the Nligata Earthquake, and was known 

to have a oil which could easily liquefy. Also, in selecting the site, it was remote from 
the inhabited area, thus eliminating any human cooplaints due to the tests. 

(2) Soil Condition 

The soil condition can be classified into three major zones, as shr^.n :n Figure 1 (a) 
to (c) . A- zone has a layer of 0.5 - 1.0 m thick hujaus on the surface and a sand layer 
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undazneatfa of agproxlnately unlfom fine and coeurse sand partially intermixed with fine- 
grain gravsls. The ground water lavel is approximately at the qiround surface. The ground 
stlffneiis y-values are 3-6 at a depth of 5.5 to 5.0 m. Further down the N-values suddenly 
increase to a value of above twenty. The B-aone hus, a cross layer oif fine and coarse sand 
mingled with gravel. The ground water level is located approximately at the depth of 0.7 
to 1.3 n from the ground surfaoa. The N-valua to tha dapth of about 0.5 to 7.S m is three 
to eight. Further down, the W-value dioira a sudden increaee to a value of thirty, flte 
C-zone is covered with a layer 1.0 m of surface soil with an underneath cross layer of 
flna-coarse sand. The N-value, down to the depth of about 3.0 m, is three to six. At 
further depths, the value is ten to tvfenty. The ground water level is in the vicinity of 
2.0 to 2.3 n front the ground surfaoa. the grain else distribution of the sand in each 
sone is Aom in Figure 2. ivtcih a distribution enrve is indicmtlve of tiie type of sand 
whicfli is pxone to cause liqoefaetion. 

(3) Vest Hetiiod 

Dynanite vhlOh was diarged into a bore hole of 4-8 m deep was used for the exploaion. 

No sand was filled in tiie explosive charged hole. Strain gauge type acceleroneters, pore 
pressure gauges of the strair. gauge type, and differential transformers vere respectively 
installed. These units were placed in both the bore hole, surrounding ground, and in the 
shallow ground surface. The changes or fluctuations caused by the eiqplosion mre then re- 
oor4ad by a data^raoorder (magnetie tape typ«) and an eletroaagnetio oscillogrvh. All 
of the bore holes, which were made for monitoring, were filled with sand. The magnitude 
of the settleroent of the wooden piles, installed in the ground surface, were measured be- 
fore and after each explosion by use of a level. For some of the experiments, Swedish 
weight-sounding tests were performed before and after an e]q>losion, in the vicinity of the 
•^plosion hol«f to investigate the strength variation of tiw ground. 

(4) Test Condition 

Table 1 shows the test conditions of the e^fperinents that were performed. 



tataaxaa or kxpbbubht 

(1) Measured Records 

Exaoples of the recorded acceleration data and the pore water pressure data are shown 
in Pigurs 3 (a) and (b). The initial abode part of the aooaleratlon data, caused by the 

explosions, is from the body wave. The relatively long frequency appearing thereafter 
is thought to be either the reflected wave from the ground surface and Uiu lower stratum, 
or by the surface wave. Even with thie pore water pressure after it had shown an initial 
short cycle vibratory characteristic (Ud) , it changed into a sooiewhat longer cycle vibra- 
tion leaving a partial residual substance, llilsf hosever, rspldly dissipated generally 
in two to five minutes, and then remained constant. This is probably because the ground 
structure has been disturbed 1^ the seisnio aotion as caused by the ei^losion, and there 
has occurred a fiheaonsnaD of a partial liqoefaotlen causing sn eacess pore water pressure 
in the ground. 

(2) GxcmA Accaleratim 

Figure 4 shows a diagram of the naxinum value of the surface ground acceleration 
against the distance from the explosion hole to illustrate the ground acceleration charac- 
teristic. As shown by this diagram, the vertical acceleration is larger than the horizoB'- 
tal aooeleration at the ground surface, with a greater scattering with respect to the 
vertical acceleration. 

(i) Pore Water Pressure 

Figure 5 (a) represents the arrangement of the pore water pressure gauges «md accele- 
roMters installed for the test to nsasure the pore water pressure. Figure S (b)'(e) 
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illufltnta Him distribution of the ahocic pore water pressure Ud agadnst the 1.0 kg dyricuiate 
I 1 j- ion and the rt roil ial pare water i rcjiit^o Ur. in these examples, there has occurred 
in the vicinity of ttiese explosion holes an excess pore water pressure of 10% to 70% of 
the ovsAurdan pressure, and it is believed that a MftU scale liquefactian has taken place 
in the ground. To further indicate whether a liquefaction has actually taken place, such 
items as a sand blow, water spout, and ground settlement should be observed. However, 
noi trior i sand blow or ci water si oat did occur although ground settlement was noted, as 
will be etailed later. Figure 6 illustrates the relationship o£ Ud and Ur to the ground 
atiffnesB from all tests Including those presented in Figure 5 (b)-(e). Ud and Vt have 
bean Don-dljMnsiaaalized by dividing them by the effective oveiiliuxden pzeaaure o^*. 

According to this Figure C, in C-2one where the ground is stiff, Ur is smaller than 
Ud; and by contrast in the B-zone where the ground is soft, the reverse trend occurs. As 
Will be sbotm, thaire is a relationship bettfeen ground stiffioess and liquefaction potential. 

(4) Ground Surface Settlement 

f:xanip:e5 of the jneasured ground surface settlement caused by the exploaion are shown 
in Figures 7{a) and 7(h'/. The test data presented corresponds to the same tests presented 
in Figures 5(b) and (d) . Assume now that the soil stratum above the explosive depth charge 
of Gl/-6«i has a relation with -tiie ground settlement rate. TMe can be illustrated by the 
relationship b-itween the :reaii N-value of tha Soil stratujn and the settlement rate at one 
meter Irom Uie explosion point, as shown in Figure 8 (a). Further, consider the pore water 
pressure at a measuring point 6 m from the ej^losion hole euid at the depth of 6 m, as 
Shown in Figure 8(b). This figure shows the relationship between Ur, at this point, and 
Htm previously mentioned settlemmt rate. It appears from these plots that as the ground 
settlement rate increases, the ground becones softer and Ur increases and vics-versa. 
Also by measuring the ground settlement rate in this manner, a greater potential of occur- 
rence of Dr in the ground may be estimated. 

(5) Variation of Ground Stroigth 

In order to investigate the ground strength vairiatioa by explosion, a se ■ of Swedish 
weight- Hounding tests wltu ccriducted suiroundiny the explosion hole before and afr.er tr.e 

explosion, an exaople of which is shown in Figure 9(b)-(e}. This experiment was carried 
out before and after the ei^riment No. 1-5. The position of tiiese tests are shown in 
Figure 9(a). The following trends are noted from Figure 9. In the ease where the ground 
strength is estimated in terms of an average number of half-turns per rr (Nsw) , the pre- 
explosion ground strength tonds to increase with ground depth. However, after the explo- 
sion, its distribution range is apt to expand. This is particularly true in the vicinity 
of the ei^loslen point, where its strength drastically decreasee. At tiie central point, 
at a distance of S m from all the explosion holes, the strengtii dueoughont Om entire 
stratum has substantially increased, this may be due to tlie ground eosiwctlon, as a re* 
suit of the ej^losion vibration. 



At yjresent, the liquefaction phenontenon of sandy Hoil at tl-,e tine of at. earthquake 
lo said to be caused by the repeated saeai iitresa untier thie force of the e-iirthquake and 
the dilatatficy mechanism of sand rather than the ground acceleration or its inertia force. 
Therefore, even the seismic motion produced by explosion differs from that cawised by an 
earti^iuake. A slsple analysis was, tlierefeire, tried, which would consider partial lique- 
faction to take place as caused by the dynamic shear stress. 

The qraund vibr.ition by ar. in-bore hole explosion cannot be analyzed very KiT.ply be- 
cause of the existance of bore holes surrounding the ground surface, as well as the non- 
uniforaity of the ground strata and beddings. Bowever, a sinpla appxoxittatioin nay be 

made by considering ths ground vibration caused by an explosion as that due to a ^herical 
wave (P wave) emitted from one point in an infinite elastic body. 



SIMPI£ MMLYSIS OF TEST IIESIILTS 
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Using Uie symbols given in Figure 10, the equati&n of motion in the radial direction 
r my 1m •j^rasaad (11) ky th* Bgpation (1). 

^^-l(a,-oO 'P^ CI) 
»r * at* 

where: and riji-roscri" the r.ormal strrj^scs in the radial and tangential directions, 

XMpectively. Takinsi the coniprcssion stress as a positive, the following ej^resslons can 
be given by employing tiie aodulos of elasticity B of the ground containing water* and 
ffalflsan*fl ratio vi 



E { (1 - V) ^ + 3v H } 



E (U + ^3U) 

(l+v)(l-2v) ^ ar 



(2) 



Froo Sfjuatlona (2} , the ^jftkmLc shear stress and asan principal stress dsteiained 



a^- Ot 



O + 2o^ 
r t 



E ^ gu _ uj 
2(1 + v) ^ 

3(1 - 2s,) ' 



(3) 



in order to satisfy equation (1) , the following eqpiations are assunsdi 

u 

Snbstituting figoations (4) into Eguatians (3) giv 

E /3 



A » i f <r - Ct) 
r 



iSta ratio of Bguations (5) ares 



2(1 + 




r2 


E 




if" 


3(1 - 


aw) 


r 


3(1 - 


2v) 


(3- i_ 


2(1 + 


v) 


J.2 f« 



1 
r 



+ 1) 



(4> 



(5) 



(6) 



It is noir desirable to evaluate the stress ratio at the time the P wave arrives stt 
each point. Enploying the following expression fcoA the eontinui^ conditioos of displaoe- 
sient and velocity gives t 

f = 0 f • = 0 (7) 

Then from Equation (6), the stress ratio at the tints of P wave's arrival, namely, at 
the tine when tlte initial shoefc wave notion is propagated* isj 



I5 . 3(1 - 2^) 



(6*) 



rn 2(1- ) 

Assuming the ground is in a saturated state, the shock pore pressure Ud, produced by 
the arrival of this P wave, is considered to create an undrainad CMindltion because of the 
rapid oeeurtanea of the phanonanon. Because of this, shock pore pressure is equal to the 
mean principal atxasa o , ort 
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IB 

Al«o» Poi»«oa*s ratio v in an undrained condition of the saturated aoil nay be given 
by Idle following eKpression (12) , 

V » ^ (1 - nGCw) (9) 

where n > Foxosityi G = Modulus of rigidity of the groimdi Cw * Coefficient of cxiapresai- 
bllity of iMiter and v « 1/2. 

Snbatituting Bguations <8) and (9} into 16*) givesi 

" nGCV - Ud (10) 

This equation states that the shock pore water pressure Ud, created inunediately after 
e^ploaioiif is proportional to the dynonic shear stress which affects the soil. 

Figure 11 samnaritee the results of a dynamic triaxial conpreselon test under a sat- 
urated urii^rain-:^:! conditior. performed on sand ^ixilar to t.ho sand at the te?5t site. This 
diagram iliuotratt-s tiit- t>ffecL of rtiidual port witer prtsiaurti in Uio te^it apeciineiis of 
different densities subjected to different dyneunic shear stresses. These results indicate 
that at smaller densitiesi the residual water pressure increases. Thus, the greater the 
initial dynamic pore water pressure at the time of escploslon, the softer tite ground beeones 
and the greater will be the residual pore water pressure. Figure 6 shows this sane trend. 
Figure 6 represents an approximate comparison of the classified ground for each test zone. 
This cli3vc that as the o.er.rity varies in the depth direction, the liquefacLion - oici tidl 
nay also differ. For the density at various stages of depth, a classification by use of 
the actually measured or estiauited N-values was considered, since no sufficient sampling 
of the undisturbed test specimens was perfomed. For this reason, on Figure 6 there are 
listed the estimated N-values at each measuring point, and a tentative classification made 
by N < 10. According to thi'j diagram, it may Ll jaid the di f foruncut, between Ud and '-"r 
are more evident than by the mere division according to zone. Therefore, the relation be- 
twe^ft vd and ur Is closely related to the ground density and Cram the xelationdilp of both 
values , it may be possible to estimate the ground density or possibly the liquefaction 

potential . 

CONCWSION 

(1) A xeaaonable method for estimations of ground liquefaetim potential by means of bore 
hole ei^ploeion has been obtained. 



(2) As an estimated index for liquefaction potential, a relationship between the 
water prosaurei residual water pressure caused by the e^^losion, and the ground set- 
tlement rate has been developed. 

(3) Despite the above developments, the following problems remain to be solved: 

(a) Determine the ap^^licabllity of the technique for other soil conditions (creation 
proeesB, soil property, density, etc.). 

ih) Determine the applicability for deeper soil. 

(c) Improve the accuracy of measuring ground acceleration and pore water pressure. 

(d) iDftprove the eccuracy of tlie measurement of soil densities. 

(e) Examine further the characteristics of residual pm« pressure as obtained by a 
laboratory dynamic shear test. 

(f) Review of the analytical methods of ground vibration by explosion. 
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fig, 3 Typical records (a) Acceleration (b) Pore water pressure 
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Table 1 Condition of otperinents 
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UtNDSUDC INCIDBNCE JkND NBCHmiSNS DOSING EMOHQaiUCES 



Gsocge E. EriokBen 



U.S. Geological Survey 
RBBtOD, Virginia 22092 



Strong earthquakes affecting mountainous terrain are generally accoopa- 
nl«d by hundEoda or even tiKsuaaiids of lazge potentially deatxnctive landalides 

of certain types; earthquakes affecting areas of low relief cause fewer and gen- 
erally different types of landslides, which, however, may be equally destructive 
to works of Fan. On steep slopes, among the many types of landslides that may 
occur, fallSf alideSf and avalanches of rock and soil are most frequent during 
eaxthVMKM. dMM lUUtalides take place where slides are commonly part of 
noxml Mas8-«(Uti»9 pxombms that a££eot hiiislqpesi the earthquake caoses the 
reactivation of old slides as well as the formation of new slides. Siirfaoe aove- 
ment on faults may also cacsc landslides by the formation of scarps that change 
slope stability although landsli.des of this type are zelatively zare. In terrain 
of low xelleff feiluree fay rotational slump, translatory sliding, and lateral 
spreading are frequent eeuses of destruction in toims and cities that have been 
eoaetmcted on unst^le, generally water-saturated soil or unconsolidated sedisMmt. 

Loiiid^lides, with the exception of th.oso classified ai. i^il., , result from fail- 
ure of earth materials under shear stress. EarUiquake accelerations trigger land- 
slides by causing a transitory increase in sheu stress in earth raatariale at the 
Bite of th» elide, and by eeusing e decrease in the shear strength of certain ma- 
terials, such as water^saturated soil. Host slide failure takes piece along one 
or more planes of i«eakness, except for flows or landspreading, wherein a given 
mass falls by loss of coherence. Among the most spectacular or earthquake-trig- 
gered landslides are large high-speed debris avalanches that aove over a cushion 
of entrapped eeepressed air. 

Key Norde« Avalanchesi earthquekest falls r flows i land slides; ■eehaniansi 



slides. 
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tondslldas, which may be widespread and frequent daring large earthquaJces > are among 

the most destructive of earthqueike-related plicnoncni . niey have been major causes of c3e- 
Struction during large earthquakes (M > 7.5) in western North and South America during 
the pest two decades. Among the most destructive were the translatory slides affecting 
aescout towns and cities during the 1960 earthquake in southern Chile and the 1964 Alaska 
earthquake, both Ma 8.5, and the Ruascaran rockfall avalanche that obliterated the Andean 

city of Yur.qay durina tlie 1970 Feru earthquake I'M ^7.71. In addition, each of these 

earthquakes triggered thousands ot ot^ier landslides chat caused extensxve damage to works 
of aian. 

Landslides are part of the mass wasting of hillsidee and thus are part of weatiterlng 

processes that over time result in leveling of terrain. Most landslides are the final re- 
sult of the evolution of stress conditions which develop an unstable slope that only re- 
quires a triggering mechar.i.sn to produce a landslide. Earthquake vibration is one trig- 
gering mechanism that is unique in causing great nuinbers o£ slides to occur in seconds or 
■iflnteSf slidsB that wider nomal etuidltiens of weathering night occur over periods of 
hundreds or even thousands of years. The earthquake nay canse renewed TrovejTrent of old 
landslides as well as the formation of new slides, which nay or nuy not fail under normal 
stress conditional. Son-t: earthquaJ'.e-tri gaered landslides are clearly larger than they would 
have been had they been triggered by some other isechanisin. Causes of landslides other than 
earthquakes are: lubrication or saturation of the slide mass fay water, overloading by nan- 
made structures r and changes in slope stability because of stream undarootting« surface 
f Halting, and nannade cuts. 

The effect of earthquake-triggered landslides on terrain stability is variable. In 
some places, a civen slide area is more stable after tJie earthquake, as, for example, where 
rockfalls and soilfalls on ovsr-steepensd slopes result in a mora gentle stable slopei in 
otiiers, the area is less stable, as, for exaa^le, in terrain where fissurlng and Incipient 

sliding caused by the earthqua):e t : in iticreLiGed waLcr infiltration that causes a for- 

mer stable terrain to become unstable. Examples of changes in slope stability such as 
tiune are generally readily recognizable la the field, but many times the stability o£ a 
given slqpe after an eerthguake depends on norm subtle geologic features that nay be dif- 
ficult to recegnise. 



ihe laDdsllde classification used in this report follows that of Vames (1958| p. 21), 
wherein landslides are charaoterlnd by type of movement and type of material (Figure 1) . 
Landslides eure considered to involve downward and outward movement of slope-forming mater- 
ials consisting of bedroc>;, soil (includes all natural unconsolidated material on bedrock), 
and mannada fill. Movement may consist of falls, slides , and flows as well as combinations 
Of these. In this report, txanslatoxy slides are considered to bm landslidMi, dven Uiougb 
their movement is essentially horizontal and failure in some (landspreading) nay be dun 
to incipient flow of liquefied materials or to plastic deformation. 

The various types of landslides and their size and frequency are determined largely 
by the slope angle at the slide area and by the physical character and structure of the 
elide neterial. ea_ll-S of rock and soil break away from eversteepened or underout slopea, 
and movement is largely by free fall of material through tiie air. take piece by 

gliding along one or more planes or zones of failure, wliich nay be curving and concave up- 
ward (slump), inclined planar (block glide, soil slip, debris slide), or horizontal 
(translatory slide) . Rotational and translatory slides (Figures 2 and 3) generally occur 
in poorly drained unconsolidated sediments and weak bedrock on gentle slopes or in hori- 
aotttal terrain at the margins of topographic depressions. Dabris slides (Figure 4) are 
most prevalent in cohesionless soil and weathered bedrock on steep slopes. Flows, whicfa 
take place on slopes ranging from steep to nearly horizontal, result from loss of shear 
gtrenqth of a r^terial so tliat it behaves as a viscous fluid (Figure 5) . Flows generally 

form in water-saturated fine-grained sediments, which become liquefied because of external 
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fbrc«B such earthquake vibration, but also occur in dry fine-grained aedimnts soeb as 

sand and silt. Coniplex landslides (Figiire 1) involve a combination of the above types of 
movement and materials. In the strictest sens«s, nearly all landslidfsH are complex although 
generally one type of material predominates in the slide mass, and one type of movement 
doodnatea in certain parts of a landslide or at a particular time during its aovenent. 

Figure 2 shows the form and norricnclaturo of the corap-cr.ent parts of a rotational slide 
or slump. This terminology may be applied to iandslides of all types although most land- 
slides are not as complex as the rotational slide, and consequently only part of the terns 
are «ipplicable to these slides. The slide eoqponents nay be defined as follows (Vames, 
1958. p. l)t 

Maxn Scarp : Scarp or surf ac; of rupture at the head of the slide, which con- 
tinues beneath the slide end is Uie pxineipal plena of fallnva, 
the surface of nytura . 

Minor ScarP i scarp in the slide formed by differential rotational movement be- 
tween blocks within the slide mass; a plane of failure that may ex- 
tend dowmrerd to ttie surfeee of rqptuge . 

Head i U^pezflost part of tiie slide nass. 

Top : tJj>pennost part of the slide mass at the main scarp . 

Foot t Line of intersection of the lower part of the surface of rupture and the 
original ground surfaoei may be eitber oovered, as ebown in Vlgura 2, or 
aazfced by an vipthruet ridge. 

Tjoet Outenaost liidt of the slide naterial. 

FLujki nie side of tite slide. 

Crown ; Relatively undlsturiMd naterial dbove the main scarp . 

Transverse Cracks : Tensional fissures within the slide mass . 

Longitudinal Fault Zone : Plane or zone of shear parallel to slide novement, 

cwuaed fay differential novensnt witMn eoapoMnt 
blodes of the slide. 



LMIDSLIDES DURING EARTHQUAKES 

Mechanisina i 

Landslides take place in a given rock or soil mass when the int'jrnal sheeu: stress ex- 
ceeds the shear strength of the mass as a whole, or oi planes or zones w«thin or at its 
margins. Shear stress within an earth mass on ground that Is not level is due to gravity 
and to seepage force. ^ shear strength, the property that allcMs naterial to rea«in in 
equilibrium on surfaces that are not level. Is a function of degree of cenentation or in- 
duration of bedrock and of friction OT electrostatic bonding between grains as well «s 

cementation o£ soil. 

Most types of rock have shear strengths so great that their only mode of failure is 
by rupture along structural planes of weakness such as faults, fract\ires, joints, and bed- 
ding planes. The shear strength of soil, on the ot^.Qr ha^d, is low. in the unoamnted 
ooheaionlaaa soils (those ladcing or having only sparse clay minerals) , the shear strengtii 



Seepage force results from flow of water through a soil, emd is equivalent to loss 

Of head because of transformation of savage force to effective stress by frictional drag, 
in an isotropic soil, seepage force acts on the direction of flow (Lanfbe and Miitnen, 
1969, p. 261-262). 
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is chiefly a function of friction between coiqponent grains and rocK fragments « whereas in 
elay-bserlng cohesive soils It is a fwetion of bMiding betsreen grains tiiat results traa 

adsorbed ions. CoI.ogIvo icili are characteristically plastic because of the presence of 
clay minerals of colloidal size, and such soils tend to deform plastically when shear stress 
exceedB sbaar strength. Cohasionlftss soils, in contrast, are not plastic and fail either 
fay rmptiwe or flov. 

Earthquake accelerations cause transitory increasc-a of sliejj.- ctreas in rr.atorials OB 
hillaidcii <iild iiiynilic ant dtcreatica in ijhcax atrer.gth in saixie iriaterialF, such as wa'er- 
sattirated soil. Most ear thqviake-trii^jered landslides are due to the tompor ary incrcaao ir. 
shear stress within a soil or rock mass that is already in a near-critical stress condition. 
Alternatively, cyclic loading due to the accelerations nay cause a gradual incraase in pore 
pressure in undrained cohesiooless Soil to a point of caaplete loss of shear strength and 
bearing capacity, and the soil liquefies (Lanibe and Whitnan, 1969, p. 444-445). This is 
referred to as a quick condition, and soil in tliis state will flow freely. A quick condi- 
tion develops most readily xn fine sand ana siltj it does not develop in cc^esive soils. 

Hai^ landslides fail by rtq>ture along distinct geologic structures, such as beds and 
bedding planes in stratified rodcs, and vtconfomities, faults, fractures, and joints in 

rocks and soils of all types, whereas others fail along planes or zones that do not mark 
any apparent structural discontinuity. Of these latter types of landslides, the planes 
of rupture of some are at interfaces in rock and soil that mark subtle changes in moisture 
co nten t, leaching, and alteration, whereas the position of rapture in others is due to a 
ao«i»ination of factors — slope angle, physical character of the slide nass, and intensity 
of earthquake shaking. Rotational slides are among thccc that tyriically lack a controlling 
titruuturo at the £.lane of rupt'ore (except for those that have been reactivated) and in- 
volve blocks tiiat rotate ahout an axis parallel to the hillside. p.otation is due to moment 
in^arted by gravity, whereby the block tends to atove downward because of its weight and 
otttifaxd toward a fMe faoe. A curving surface of rupttore is a resultant of tiiese oostoinad 
movements. Degree of saturation and flow of water at the slide site, including seepage 
force, may influence position and curvature of the surface of rupture. Earthquakes may 
trigger rotai"!' slides when the transitor-/ shear stress due to seisaio loading actS in S 
direction that increases the moment about the axis of rotation. 

Translatoxy slides, in contrast to rotary slides, occur in aatexials having horizontal 
planes of weakness that control failure or that deforn plastically or by liquefaction. 

Movement at the head of sorae translatory slides is rotational, so that one or more slump 
blocks formi the heads cf other translatory slides are marked by graben over a downdropped 
wedge, as shown in Figure 1. Most known translatory block glides during earthquakes have 
taken place along bluffs witii extensive horizontal or near-horizontal surfaces in back and 
in front of then (Zdriss and seed, 1966, p. 2) . The slide blocks involve naterial in and 
behind tlie bluff, which slides forward over the land surface in front of the bluff. Lat- 
eral movameint is due to the thrust of slump blocks and downdropped wedges of material at 
the head of the slide and within the slide, as well as failme by landspreading and flow. 
Translatory slide blocks such as those at Andiorage, Alaska, triggered by the 1964 earth- 
qwka, probably nova outward along a layer of sansitiva elay or watevsaturatad fine- 
grained sediment that had been llqpMfied by cyclic loading during the earthguaka (Hansen, 

1965, p. A65). 

Dry flows (Figure 1) may form during an earthquaike either as a direct result of the 
transitory increase in shear stress, by destruction of coherence because of cyclic loading, 
or by transfonution of a fall or slide to high-spaed flow or avalanaa, nany of ^icb have 
air la^ar lubrication. Unconsolidated silt and sand, which have little shear strength, 

are the materials most subject to flow because of increased stress. Cyclic loading of 
fairly coherent fine-grained porous materials such as loess or dry mudfiows, which are 
comnonly stable in vertical cliffs, may destroy their coherence by causing collapse of the 
skeletal framwork, so that a flow will form on any slope having an inclination greater 
than the angle of repose of the newly fomed noncoherent naterial. Falls of these sane 
materials may be pulverized upon impact a.-id develop ir.to flows. High-speed avalances may 
move on cushions of entrapped conpressed air or contain entrapped air that keeps particles 
in suspension. 
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falls. - Bodcfalls and sol If alls (Figure 1) are frequent and widespread during eartib- 
quakes affecting ■ountainous terrain, partiaularly glaciated terrain. Most Alls are 
snll, ranging fron a few n.^ to a few hundreds n.^, but large falls containing mil- 
lions of m. 3 of material have occurred. Falls generally consist of irasseg of reck or 
soil that break away from a ate^ slope or cliff along a plane o£ wcaknass such as a 
bedding plane, fault, or joint* On s te e p hillsides the fall may change to a debris 
slide (Figure 4} , or if large «igingli« an avalance (Figure 6) . Mbo, rock fragments 
froa a fall, as well as isolated boulders dislodged during the earthquake, tunble and 
bounce down steep hillsidoLi, killing people And animals In U^eir patha, and crashing 
through buildings. Dutiny Llic; 1970 reiu earthquiiko, suih rocKidils caused Uriousdnds 
cf injuries and deaths to people and livestock, and destruction of farm buildings in 
the high Andes of northern Peru# an area where steep hillsides have been extensively 
feraed since pre-Coltadbian tines. In cmtrast, tiie great nuaber of rookfalls during 
the Alaska earthquakf> of 1964 caused oo«paratively little danage because they 
ourred chiefly ^n unpopulated areas . 

During the Alaska earthquake of 1964 and the Peru earthquake of 1970 several high- 
speed avalandies were generated by roekfalls. These falls were large* probably having 
volumes of sore than a nillion m.^ of material, and vertical drops of at least several 
hundred neters. The Buasearan debris avalanche (Figure 6) , the most destructive liuid- 

slide of historic time, originated by fall of a slab of granodiorite and ice from 
the near-vertical west face of the north peak of Nevados Huaecaran, This slab was 
estimBted to contain .-nore than 25 million m.^ of material, being approximately 800 a. 
vlda and 1«000 m. long (Bricksen and others* 1970« p. 7-S) . The average vertical 
fall of the slab, taken as the vertical drop at its center, was about 600 at. 

Slxdea . - On the basis of mechanics of movement, two types of slides can be recogni.zed, 
one in which the slide mass is relatively little deformed and the otl:cr in which it 
is greatly deformed (Vamss, 1958* p. 23-24} . Slumps and blod( glides (Figures 2 and 
3) are typical of the undefbmad slides, and debris slides and failure by lateral 

spreading are examples of deforired slides. In tills report, slides are divided into 
three types on tlie basis of inclination and form of the plane of rupture as follows: 
1) rotationtil, 2) inclined pJanar, and i) trans lator\' . Inclined planar slides are by 
far tha most frequent of these types, and together with roekfalls and soilfalls make 
up nest of tlie slides that are triggered by earthqpiakes. Coivaratively few rotational 
and tranalatory slides occur during any given earthquake, but beoausa tibay tend! to 
occur in unstable material in areas of low relief, which also nay be sites f>f tomw 
and cities in mountainous sxeas and bordering coastal regions* they My be na)or 
causes of destruction. 

Sluaps and translatory slidss tend to ooour in terrain of gentle relief underlain 
by unstable bedrock or unconsolidated sadtmsnts. They tend to be large* connonly in- 
volving tens to hundreds of thousands or even millions of m.^ of material. They may 
break and move either as essentially a single unit (Figures 3 and 7) , as several seg- 
ments (Figure 2), as many segments (lateral spreading) (Figure 3), or deform by incip- 
ient flow (landqpreading) . As also Shown in these figures, a flow* slide, or uptbrust 
ridge nsy form at Htm toe of the slide. Barthquake-triggered slides of thase tapp*> 
CQMnnly occur in areas whara sears of aarliar slides can be saen. 

slumps and translatory slides triggered during oarUicujOces in the Western Hemi- 
sphere during the past two decades caused extensive damage to cities, notably to 
coastal cities during th« 1960 Oiile eartiiquake, the 1964 Alaska earthquake, end ttia 
1970 Peru earthquake. They also caused damage to transportation routes (Chile and 
Alaska earthquakes) , and dammed streams to form ten{x>rary lakes that had to be 
drained (Chile and Peru earthquakes). A subaqueous jlump or. a delta at Kenai Lake, 
Alaska* caused destructive waves to form in the lake. The sequence of conditions at 
the site of the slids is shown in Figure 9. As can be saen in the figure* tha sltav 
causad a wave to wash over the area badi of the main seai^. This rave and anothar 
that swept ovar tiie opposite lakaahora* a dlstaaoa of about lOO n. , each attained a 
MHtiaia height of 10 aaters above nomal lake level (HeCulloat* 1966* p. h8) . 
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inclined planar slides that are most fra<iaent dvurlng aartbquakea are debris 
■lldes on stMp hillsldeB in unoonsolidetad regolltii ana in weattiered rock, such 
slides originate as fulure of a thin slab of sxirface material along a flat to gently 
curved surface. On steep slopes, the moving material q'-nt- rally becomes a debris 
slide that moves downward away from the source area. Depending upon the type of ma- 
terial involved, raovement becomes less and less on more gentle slopes, to a point 
where the slide remains essentially in place, being narked only by fracturing and 
snail soil slips. 

Debris slides, which may occur by the thousands during earthquakes, along with 
falls arc among the most nancrcus but smallest cf earthquake-triggered landslides. 
Most involve not Bore than a few tens to a few thousands of m.^ of material « but they 
may be so numerous on some hillsides that it Is almost Inpossible to distinguish in- 
dividual slid-rf-. As in the case of rocV. falls and dobris falls , debris slides cause 
dama9e Lj lariti and isoiaLud snkili ;;;;k-rauiiiti'cs . Aji ■anusuai type ot damage toy debris 
slides, which occurred during the 1970 Peru earthquake, was destruction of fields and 
trails in steeply inclined areas by sliding of thin soil to ejvose underlying fresh 
bedrodc. Not only were farmlands destroyed but tlie construction of new trails across 
the newly-e;q>osed bedrock was prohibitively expensive; in some are«A farm buildings 
and lands that were not otherwise damaged had to be abandoned. 

Comparatively rare debris slides are those caused by surface faulting. Figure 
10 ^owa Hie development of the scarp of a reverse fault that moved duriiig the 1964 
Alaska eetrthquake, and caused many slides to break away from the hillside en the up- 
thrown block of the fault. 

Flows . - Although flo%»a of one type or another (Figure 1) are triggered by earthquakes < 
most are small and oause relatively little damage. The major exceptions are debris 
avalanches, which are potentially among ^ most destructive of »ll landslides. As 
has been noted, flows occur in both dry and wet or water-saturated material, the most 
notable earthquake-triggered dry flows were the loess flows during the 1920 earthquake 
of Kansu Province, China, where loess banks failed, and a fluid mass of dry powder 
filled valleys and buried villages (Close and McCormick, 1922) . Flows of wet materiel 
range from the relatively viscous earth flow that moves only short distances (Figure 
S) to debris and midfloMS, which are highly fluid masses that may travel for tans of 
kilometers. 

Debris avalanches, which start as either wet or dry material, may become debris 
flows if they move into a channel having a flowing stream, as happened to an svalandte 
near Caras (Figure 11) during the 1970 Peru earthquake and to the ttuascaran avalanche 

Br. it flowed into tlit^ :-.irita River (Fiqure G' . Most earthquake-gene rated flows origi- 
ncttfe by liquefaction ot water-saturated inatsrial under cyclic loadinq (set p. IiI-57) . 
lj.quof action of bogs and swamps result in earth flows and muitlowG dirinq earthquakes. 
At least two major mudflows and many small earth flows originated in this way during 
the 1970 Peru earthquake. 

Some submarine slides may be due to liquefaction of fine-grained material, as 
occur red jt the port of Valdez dur inq the 1964 Alaska earthquake, causing total de- 
struction of the dock facilities (Figure 12). This slide, described by Coulter and 
Nlglieoelo (1066) , involved about 75 million m. of water-saturated silt and eand. 
Failore was sudden^ taking place shortly after the earthquake tremors were first felt. 
She slide caused formation of destructive water waves as much as 10 m. high. 

Suiiaqueous flows caused by li^utsiawtiun of water-iasituxcitod aad^enta aro i-rol .jiiiy 
much more common than generally recognized. Undoubtedly, such flows occurred at other 
localities during the 1964 Alaska earthquake, and they probably took place along the 
south Chile coast during the 1960 earthquake. Large submarine flews did not occur 

durir.q the 1^=70 Pr t u ^iarthqaake, but small submarine flows probably did occur in areas 
affected by landspreading, notably along the bayshore of the coastal city of Chimbote. 
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Avalanchc-j are moving masses of eartli materials tiiat attain aafficieiit speed to 
move by flow rather than shear. They occur frequently during earthquakes, generally 
originating as falls or slides on slopes steep enough and vLth sufficient vertical 
dzop for tiw inviaf msa to attain a veloei^ neoeesary to tranafon it into a flow. 
Hius, avalanches may be eithar dzy or wet and oonaiat of rode, aoil, ioe, or anoir, 
or a cosi>ination thereof. 

In areas of glaciers or regions of heavy winter snows, earthquake-triggered ice 
and snow wralaochea nay be nunerous and widespread. Althoagh audh avalaacAea are 
potential aurtfaquaka haMucdaf tfaay generally do not eauaa damage becanaa aoat are ooor 
fined to uninltibited lee and snowflelds, or flow Into sparsely inhabited valleya ba^ 

low. Such was the case of dozena to hundreds of snow and ice avalanches during the 
earthquakes in Alaska (1964) and Peru (1970) , where large areas are covered with 
glaelaca and anowfielda. 

Large bigh-speed avalanches are among the aost Bwe-inspirlng and potentially Moat 

destructive of all types of landslides. They are generally triggered by huge falls 
or slides of rock, on the order of millions of m.-^ minimuui, on steep to vertical 
Slopes where vertical drops are on the order of bondreds of meters. They may attain 
qpeeds of several hundred iaa/ht., and move for several kUosieters outward over gently 
ondnlating to near-horizontal terrain at the base of steep mountain slopes. At blQb 
speed the avalanche tsnds to entrap air which is coir.pressed into a cushion on which 
the avalanche overridiisi irregul air i ties in terrain or even ridcjcs without causing sig- 
nificant modification of their form. Observers have reported such avalanches as 
being acooapanied by strong turbulent blasts of air (Platker and others^ 1971, p. 
S57). 

The largest a.id most destructive avalanche of historical times was the Huascaraui, 
a rockfall avalanche that occurred during the 1970 l-'eru earthqua.ke (Ericksen and 
Others, 1970> Plafker and others, 1971). This avalanche probably involved more than 
50 ailllon a.^ of rock and ice; during ita trajectory over a horisontal diataaoe of 
14,5 km and a vertical descent of <kbout 3,000 m., it attained tnaxiaum valooitias of 
more than 400 kro/hr. The avalanche obliterated the Andean city of Yttngay and nearby 
sniaii settlements and fanM ovftT an area Of aboot 22 sq, km, oauaing tlia death of 
more than 18,000 people. 
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Figure 4* " Block diagram of a debris slide In which 
failure took place along the contact between soil and 
bedrock. Froa Varaes (i9^d, pi. 1). 
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Figure 5. - Block diagram of an earthflow in 
weathered shale. From Varnes (1958, pi. 1). 
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Figure 6. - Oblique aerial view of the Santa Valley 
and snow-covered Cordillera Blanca showing the 
Huascaran rockfall avalanche that devestated the 
Yongay-Ranrahirca area during the 1970 Peru earthquake. 
Photograph by Scrvicio Aerofotografico Nacional del 
Peru, June 13, 1970. 
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Figure 7. - Rotational slide at Re. , Peru; arrows mark main scarp that has 
a maximum height of 5m, and upthrust ridge that dammed Rio Santa. 
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Figure 10. - Diagrams illustrating fault movement and 
landslide development along the Patton Bay fault, a 
reverse fault on which displacement took place during the 
1964 Alaska earthquake* From Plafker (1967, fig. 17) 
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Figure 11. Huge ancient rotational landslide (R) in the Callejon 
de Huaylas, east side of Santa River, 2-3 m north of CarSz. This 
slide, which is 5 km long and averages 1 km wide, dammed the 
Santa River to form a lake in which was deposited a thick segment 
of silts and sands (SS) now exposed in river banks. Head of slide, 
outlined by dashed line, shows no evidence of movement during 1970 
earthquake. Also shown is large landslide (LS) , triggered by the 
1970 earthquake, which developed into a fluid debris flow in small 
tributary valley (V); debris slide (light-colored scars) also 
were triggered by the 1970 earthquake. 
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Figure 12. - Submarine slide that destroyed dock facilities 
at Valdez, Alaska, during ]964 earthquake; water saturated 
silty and sandy delta deposiLs liquc£led under cyclic 
loading due to earthquake accelerations. From Coulter 
and Migliaccio (1966, fig. 4). 
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in the engineering field, the evaluation of the dynamic characteristics of 
soils and foundation subgrades has been required in the course of studying vibra- 
tional problcmo and especially problems associated with earthquake engineering. 
The dynamic characteristics of soils have, therefore, been obtained by laboratory 
tests, using a resonant column method. These tests were conducted to evaluate 
the shear modulus and the danping characteristic? in dry and saturated specimens 
of various soils in Japan. 

The hollow cylindi i ^ju^ Ciinsfiles tested were 25 cm. in height, 10 en,, cucside 
diameter, and 6 cm. inside diamtLer. This arrangement periniLLed a :roro uniform 
deformation of the saiif>le cross-section. The specimens were fixed at the bottom, 
and at the top of the specimens oscillators ware fastened to a rigid mass, whicb 
supply a torsional vibrational force to the system. A confining pressure, which 
was applied equally to the outside and inside of the test sanple, was supplied 
by air pressure. An axial load was also applied, and was independent of the con*' 
fining pressure in order to produce an anisotropic stress condition. 

After the sample was prepared and all proper alignments and forces imposed, 
the frequency of the torsional excitation was introduced and then varied until 

the oscillator specimen system resonated. The resonant frequency varied from 40 
cps to 100 cps, depending upon the dimensions and density of the sample and the 
applied stress condition and the shearing strain amplitude. The strain amplitude 
varied from 5 x 10~^ to 5 x 10~^ for these tests. The shear moduli were calcu- 
lated from the resonant frequencies and the other paramsters, am givm above. 
The damping characteristics were obtained by using the aBplituda-time deeasf re- 
sponse curves of the free vibrations. 
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In the triaxial state of stress, the mean principal stress, p, is defined 
by (o^ + 2 0 )/3 and the deviator stress, q, is given by - o are the axial 
and radial stresses, respectively. The teat results Indicate the following 
tnods for the dynamic prcctertiee of soils; 

(1) Under constant values of the other parameters, the shear moduli vary 
with 1/2 power of p and decreases with an increase in the void ratio 
and shearing strain anplitode. Fiirttexnore, tite danping capacity de- 
creases with an increase in p ar.d also increases with nr. Ir.i-roaso of 
strain ont-ii tude . However, the dandling capacity remains constitnt ir- 
respective of the diange in the void ratio, when the other parameters 
resiain constant. 

(2) vfhen the value of p is kept constant, the shear moduli are nearly conr- 
stant irrespective of the value of q until the stress ratio, q/p, 
reaches a value of about 1.0. However, beyond this value of q/p, the 
shear moduli begin to decrease with an increase in q/p. This phenom- 
ameo is due to the anisotropic stress oondition and the oorresponding 
anisotroipy in the inner structure of speeimois. 

Key Words: Damping; damping coefficients} shear aodulasi soil: tests; 
torsional sxcitation. 
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IMTRODUCTION 



In the civil engineering field, the evaluation of the deformtional characteristics 
of soils and foundation subqrades has been required for vibrational problems, especially 
ftjr those problems associated with the earthquake response of stroetinfM. In order tg ob- 
tain such information, relative to dynamics of soils, elastic %nive measurenients at field 
looations or laboratory tests using siiiple shear apparatus of triaxial apparatus have been 
conducted. Howrve-, ':l:c- sheaiii. i strain amplitudes in the soil structures and subgrade 
during strong oar-h juak-. moticr.t; have produced oagnitudes of values 10~^ to 10~^ Of Strain. 
It i^, iiow'jv'jr, di£ti::ult to evaluate the dttfonutional ^aracteristics of soils at ttiess 
magnitudes using ordinary methods. 

Therefore, in order to obtain the shear modulus and damping characteristics of soils 
subjected to such magnitudes of shear strain, a special resonant column test has been de- 
signed and used to test dry and saturated specimens of various soils. This paper presents 
the required instrumentation and initial use of the resonant column test apparatus. 

The general apparatus and procedure used to evaluate the moduli of soil specimens in 
the laboratory by means of a vibrational method was conceived by lida (1). However, the 
detailed equipment which can control the stress conditions and the magnitudes of the shears 
109 strain was developed by Hardin et al (2). The principal of the apparatus, shown in 
the following figures, is the same as Hardin's apparatus. The schematic diagram and photo- 
graph of the apparatxis is shown in Figures 1 and 2. Figure 3 shows the general stress 
condition on the test san^le. The hollow cylindrical s}. vrimens that were tested wece 25 CtS 
in height and had a 10 cm outside diameter and 6 cn inside diameter, this arrangement pax^ 
odtted a more uniform defoirmation of the cross-^section. The specimens were fixed at the 
bottom, and at tha top of the specimens oscillators were fastened to a rigid mass, which 
supply a torsional vibrational force to the system. The confining pressure, which was ap- 
plied equally to the outside and inside of the samples, was supplied by aid pressure. The 
axial load was introduced independent of the confining pressure in order to produce the 
•nlsotxoplc strmss ooodltlon similar to the «'«>stress condition In the horizontal grooid. 

Hie qtuantltles tiiat %rare measured during a steady state vibration test were the reso- 
nant froquency of the oscillator-specimen systeri, th.? vibration eutiplitude at the top of 
the specimen, the length and volume change of the specimen, the confining pressure, and 
the axial load. Also, the amplitude time dL-ay curves were recorded by shutting off the 
driving power. Fran all of these data, the shearing strain aqplitudes, the shear moduli, 
and the logarithmic decrements ware calculated for tiie various soils tested, as will be 
deaerlbad in the follcMlag sections. 



PRINCIPLE OF TESTING 

Shear Strain AwplitttJe 

The shesx strain in a sasple is denoted by Y, and is equal to; 

Y - *!» - i<Ei_2>. (rad.) CD 

where u(x, t) is the displacement, h(x, t) is the angular displacement in radians, x is 

the axial coordinate, and r is the radial coordinate as shown in Figure 4. The configura- 
tion of the specimen and the large mass at the top, produce linear deformations and accord- 
ingly a uniform shear strain condition over the entirs length of the specimen. FurthensBre* 
the shear strain in a horizontal section can be aqBressed in terms of the radius equal to 
a vmloe of 4 en. Accordingly, the shearing strain In the epecinsn is represented as, 

y = ± B (rad. ) (2) 

where i. is the length o£ specimen (cm) . 
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Shear Modulus 



The sbear-strain curves of the suid specimens, loaded axlally, yield the relationships 

shown in Figure 5 and where the hystcrctic curve has sharp points. In the case of hyste- 
retic damping, such as occurs in sands, the iineac ajpprcKiraation can be used to model its dis- 
sipative behavior and to aisplify the dynamic problems. The material constants of sands 
will he defined aat 

G - BqtuivaXent shear modulus 

n " Hystaratie dan^ping eoef £iciaat - AN/2irH 

W " strain energy (shown in Figure S) 

AW = Dainping unergy (shown m Figure 5) 

For an equivalent linear isotropic material having the same values of G and as given 
above, a more useful notation Is in the fortn of a complex modulus, as shown in Figure 6. 

Tn this fona t and y are th- jlioai :-.*:r.jDi a;.* 3tr;;in i^^ .::r.;'l<:x r;Ltaci;:n, and G and 6* are 
the cwi{)lex coefficients. Thtn, L:trtjai,-_^ train relation is expressed as 

T • (G + iG*)Y {3) 

The hysteretic loop of such a linear ntaterial, excited by steady vibrational force, is 
such as shown in Figure 7 and has no sharp points. Defining the strain energy w and damp- 
ing energy AW, as given in Figure 7, then the hysteretic dasping coefficient i\ can be re- 
lated to the oosplex modulus G and G' as 

n - G'/2B (4) 

ttowavarf tiie wave pcopagation eqaatlon for the shear case is) 

p231_ = iL (5) 

at* ax 

where p is the density and u is the displacement orthogonal to the propagation direetimi. 

Then, sul stituting Equations (1), (3), and (4) into Equation (5) gives the vave equation 
for linear isotropic raaterial used in the resonant uoluinn tests, and is; 

2 2 
U. - G(l t i 2n)LL («} 

ax^ 

The analytical solution of this equation for the n-.odel shown in Figure 4 is not as simple 
as the one given by Hardin (3) and Hardin and Music (2) . Under steady state vibration, 
the shear modulus G is a function of the density and the dimensions of the samples, the 
apparatus constants, and the resonant frequency. Thus, in order to obtain a value of G, 
an interatlve procedure using an electronic coniputsr was required. 

Dj^nri-tt'j Cwc t£i .'iL'i.^-ij 

By setting the system into a steady-state forced vibration and then shutting off the 
driving power, the logarithmic decrejaents, At was obtained. Prom the logarithmic deera> 
ments, tiie hystsratia dapping coefficient n» uhidh does not di^pend upon saagple's diiwn- 
sions and boundary conditions, was obtained* For tte free vibration of the model, shown 
in Figure 4, we can assune a solution of the formj 

ft - Atxle^^'in - At) 

«diere A(x) is the mode of defomatian, u„ is the natural cirmilar frequency of the system 
and X is the attenuation factor with respect to time. Substituting Bguation (7) into 

Equation (6) gives; 

X - I-l + /r* (2n)2 ] ' uinl (8) 
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Then, relating the logazittamic dAeramant to the hysteretic danping ooeffielaat as 

At - X 2 itn (9) 

MOW using Equation (9) , tha faysteretle danplag coefficient n can be obtained by neasurlng 
tiie logaxithiiiic deeranaDt. Furtheirmore, It is worthwhile to note that the logarithaiic 
decrement depends only on the dainping characteristics of the sample and does not depend 

upon sample's dimensions nor boundary conditions providing the hysteretic daiBiiin:^ coaffl" 
cient n of sample material does not vary with the frequency of the forced vibration. 



TESTING METHODS 

Two kinds of sands, Toyoura-sand and senkenyama sand, whose physical properties are 
shown in Table 1 mra tested. 



Table 1 
Physical Prppertiea of Sands 





«S 


"10 


»«0 








Toyoura-sand 


2.641 


0.12 im 


0.14S on 


1.21 


0.953 


0.686 


Sengenyeuna-Scuid 


2.695 


0.16 


0.38 


2.i7 


0.961 


0.484 



TDyenrarsand has a unifom gradation with vound particles and is used as tha standard 

sand for testing in Japan. Sengenyama-sand from Sengenyama near Tokyo is considered well 
graded. The resonant column tests were conducted on samples having various void ratios. 
For the Tcyoura-sand, air-dried and saturated samplea wore prcpdrcd and subjected to 
stress ratios la^/oj^) equal to 0.5 and 1.0. The sengenyama-sand, in which only air-dried 
specinens were tested, the stress ratio (03/01) was set equal to 1.0. 

After applying the confining pressure and the axial load to the sample, the stress 
condition that wi 1 1 designated as (o-j) and (oi) was kept constant and the vibratory 
shear strain amplitude was then increased above 5 x 10"^ to about 2 x 10"**. Both the 
shear icK>d',iluH and logarithmic decrement was measured at various values of sheaoT Strain SB^ 
plitude. Then, another stress condition was invossd and the above mentioned procedures 
were repeated. Figure 8 describes the test results dbtained from one of the Toyoura-sand 

samples. The t>_<rin p is thiu prir.cip'al stress denoted by ^''-'^^"^ ^"j-' ^'^'^ ^ "'oid 
ratio, which slightly changes value during consolidation. In o.ae saiitg^'le, it would be im- 
possible to control all the values of the shear strain aniplitude, stress condition, and 
void ratio. It is, therefore, necessary to convert the neMured values of 6 into the 
values of the predetexndned magnitudes of p, y, and e. However, Hardin at al diowed that 
tha aiqperimental G equation for ottawa-aand, for a strain y ~ 10~^« is equal to} 

C - 697 iLJ2jL_e>_p0.5 (10) 
1 e 

where G is the shear coodulus (kg/cm^) , p is tha man principal Stress (kg/em^), and a Is 
the void ratio. The exact values of 0 for strain y - 10**^ end 10'^ were first obtained. 
Then G was conputed using Equation (10) , where the mean veld ratio value of the tested 

Sonplo WHS used (e = 0.81) . The change of the G values using this procedure varied by 
only a few percent. The values of G and p were then plotted on a full-log graph, as shotm 
in Figure 9, then the values of G for p ■ 0.5, 1, 2^ 3, 4« and 6 k.g/em^ were obtained. 



DVNMIXC CRMWCTBItZSTICS OP SMIDS 

Effects of Shear Strain Aiplitude on Shear Modulus 

Figures 10 through 13 show the effseta the shear strain aovlitude has on the shear 
modulus. The ratios of 6 to {C!)y > 10'^ r i.a-« (shear modulus at y > 10~^) sad shear 
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strain snpHtuda, ara plotted on a seni-log graph. It was found that 6/(ci^Y = 10"® v^. 

Y cur'/es vere not affected by changes in vcid ra*:io, prLr.cipal r.trc.F. r.=itio, and types of 



were noi: arrecrea r^y changes in vzia raiio, prLr.cipai r.trc.F. r.=itio, and types ot 
••Qwever, when the hkoTi priacipai streta ia oi a i^r'-iater niagnitude, the G/^ GJV = 10"® 
ratio ic- creases with an increase in y • It was also found that in these tests, the varia- 
tion of the shear modulus with shear strain anvlitude is saaller than the valuea given in 
a diart aada by seed and Idrlss (5) , even when p is as low as 0.5 kg/en^. 

Effects of the Wean Principal Stress on the Shear Modulus 

In all of the tests, tho shear modulus varied with the 1/2 power of the aean principal 
Stress , designated as as shown In Figures 9, 14, 15, and 16. 

Effects of the stress Ratio on Shear Modulus 

Figures 17 and 18 show the effects of the stress ratio on the shear modulus when tha. 
mean principal stress is a constant for air-dried Toyoura-sand. It can be seen that the 
■tseM ratio has little effect on the shear modulus under a constant value of p within a 
certain range of stress ratio, I.e. ^ j/^ i " 0-5, 1.0. this Is the same trend as noted by 

Hardin and Block (4). To examine the effects when the range of the stress ratio was 
greater, one test was conductedwhere the stress ratio was increased to failure under a 
constant value of p => (3 kg/cn^) . tSm results are shown in Figure 19, where the stress 
ratio ia denoted by 

^^a - "r 

q/p ■ (11) 

1/3 (p. + 2 0^) 

Ttiis figure shows that shear moduli are nearly constant, irrespective of the variation 
of stress ratio, q/^, until q/p reaches a value of l.O, i.e. [a^a^) <* o.4 . However, be- 
yond this value of stress ratio, the shear iiodulus begins to decrease with an increase in 

t>iC' atreas ratio. This phencnenon is due to the anisotropic inner structure of the speci- 

todii wlxLch is caused by cho anisotropic stress condition. 

Effects of the void Ratio on the Shear Modulus 

All the data that was obtained is summarized in Figure 20, where the shear moduli and 
void ratios are plotted on a semi-log plot for the values of p = 1 and 6 kg/cm^ for Y ■ 
10~^. As noted in Figure 20, it was found that all the data obtained agreed with Bqpiation 
(10) for Y ■ lO"**, in the range of Os/o^ = 0.5 to 1.0. 

toaarithwic necraatents 

As stated previously, thL Ja.Tping characteristics of the material tested can be re- 
presented by the logarithmic decrements of the system when zim mechamism of dangping in 
soils is one of hysteretic dissipation of energy. Figure 21 shows a typical vibration- 
decay curve, and by plotting each of the aoplitudes against nunber of cycles on a semi-log 
plot, as given in Figure 22, the logarithmic decrements were obtained, in Figures 23 and 
24, the logarithmic decrements are shown for the Sengenyama and Toyoura sands, respectively. 
In each case, it was found that the logarithmic decrements increased with an increase in 
the shear strain amplitude and with a decrease in the confining pressure. It was also 
noted that the values were independent of the void ratios. It has been shown by Uardin 
(3) that the log decrcMnt ei^erinental equation takes the tomt 

it = 2. i_ ,0-2 p-0.5 (12) 
10 

for the range of y " iO~^ to 10'^, and p = 0.244 to 1.46 kg/on^. Using Equation (12) , the 
log decrement At » 0.1, for valxws of y ** iO"* and p > 1 kg/cm^. How examination of Fig- 
ure 23 for the sengenyama-sand tt. » 0.17 woA in Figure 24 for Toyoora-sand, Lt - 0.11, thus 
it may be stated that the experimental values will take the form of Equation (12) . 
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OONCWSIONS 



(1) The resonant column apparatus that has been developed provides a most effective tech- 
niqin in svalQating Ilia rtiear nodulua and dMipljag dbaraeteristice of soils. 

(2) The test rasolts on sauries of Toyoara-sand and Sengenyana-sand indicate tliat Equation 

(10) fits the exporiraental results for Y = 10"^ and in the range of stress ratio 
o./Oj^ s 0.5 . 1.0. However, when the stress ratio {'^^/'^-^ is smaller than 0.5, the 
anear andulus dacraaaaa with a daervaaing valna of atrass ratio tfl^^ , 

i3) The logarlthnic decrenaits obtained were in the range of &t ■ 0.1 - 0.2 for T * 10~^ 
and p - 1 Icg/cn . 
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PRBDZCrXON or JAXUOm BMtXtlQtnUCE IMTBRSITZBS 
FOR THE SMI FBJMCZfiOO SMT aBSXOM 



by 



Roger d. Borcherdt 
and 

Jeans p. Gilriw 



Office of Earthquake Studies 
U.S. <*«ological Swnf 



Tha intensity data for the Calif oxnia earthquake of April 18, 1906. are 
strongly dependent on distanoe from the some of eur£8«e faulting and the 9e»- 
logioail character of tha ground. Considering only those sites (approKiniately 
one square city blodc in size) for which there is good evidence for the degree 

of ascribed intensity, the emf-'irical relation derived between 1906 intensities 

and distance for 761 sites underlain by rocks of the Franciscan Foznation is 

intsnsity - 2.30 - 1.90 I09 (Oiatancse). 

For sites on other geologic units intensity increments, derived with respect 
to this esipirical relation, correlate strongly with the Average Horizontal Spec- 
tral Amplifications (AHSA) determined from 99 three-conponent recordings of 
gzound notion generated by nuolear explosions in Nevada. The resulting eqpiri- 
oal nelstioa is 

Intensity Increment ■ 0.27 + 2.70 log (M1SA) . 

Resulting average intensity increments for various geologic units are -0.29 for 
gcanits* 0.19 for i^aaclsoan Forastion, 0.64 for other pre-Tsrtlary, Tisrtiary 
bedrock, 0.82 for Santa Claxa Fomation, 1.34 for Older Bay sedinents, 2.43 for 
Younger Bay mud. These enpirical relations have been used to delineate areas 

in the San Francisco Bay regi-n r,f potentially high intensity from future earth* 
quakes on either the San Andreas fault or the Hayward fault. 



Key Words: Earthquake; empirical relation; Franciscan Formation; geological 
oharacteri groond shaking 1 intensity. 
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IMmOODCnQN 



The anounts of danage resoltlner from the great California eartliquake of April 18, 1906, 

varied greatly for different areas in the San Franc iGco T?ay region. In some areas the 
damage was wtA;'. with "occasionai fall of chimneys and damge to plaster, partitions, plumb- 
ing, and the like," in other nearby areas the damage was VIOLENT with "... fairly general 
colXaipse of brick and fram structures Mhen not unusually strong..." (Hood« 1908). Thesa 
large variations were due in part to the geological character of tiie ground and to the 

distance from the zone of surface faultin ; (comi are the inteftSl^ na|^ fOT the Cll^ Of 8an 
Francisco (Figure 1) with the qoolo;ic .T.ap (Ficura 2)). 

GcMBparative ground motion measureiments made for 99 sites in the San Francisco Bay 
region (Gibbs and Bordherdt, 1974) show that * atroog correlation exists between aaplitude 
levels of observed ground shaking and tiie type of geologic unit. The purposes of tills 
paper aret 

1) To quantify the relationship between distance and the observed 1906 earthquaika 
intensities for a particular bedrock unit, and 

2} to ahflw tbe eidstenoe of e relationship between intensity and the measured ground 
notion aiplificetions. 

Ihese relationships permit a quantitative estimate of the dependence of the observed 1906 
intensities on the geological character of the ground. Such estiaates ere useful for de- 
lineetlng erces of potentially high intensity fken future earthquakes on either the Sen 
MdeeoB fault or the Hogrwrnrd fault. 



The 1906 earthquake intensities ascribed sites on the s&ne qeolaclc unit generally 
decrease with increasing distance from the zone of f^urface faulting (Lawson, 1908) . To 
quantify tills apperent relationship, the 1906 intensity data for the San Francisco Bay 
region were teoooeidered on a site-by-site basis. The intensi^ data from only those sites 
{apprexisHitely one square city block in siae) for Which there vas good evidence for the degree 
of ascribed intensity were considered. For each site underlain by rocks cf the Franciscan 
Formation, the distance to the zone of surface faulting was measured and plotted as a func- 
tion of the ascribed 1906 earthquake intensity (Figure 3} . Hie resulting eepirieal rela- 
tion, 



determined by the method of least squares, suggests that tiic aiicribed intensity values for 
sites on the Franciscan Formation generally decrease as the logarithm of increasing distance. 
Vhe enpirlcal relation shows that the intensil? values decrease very rigidly with distant, 
with sites 3 km from the fault having observed intensities more tiion two intensity unite 
smaller than those at the fault. 

The sites with the highest ascribed intensities ("A", 1906 San Francisco scale} are 
leeated within 0.7 ka of the oenter of the zone of surface rupture. Vox most of these 
eitee* the unit of intensity we* Melgned on the baala of evldanee for e um e form or ground 
failure most of which was associated witii surface faulting. The degree of intensity as- 
signed to ttrost of the ether sites at greater distances froir. the fault was based on damage 
resulting frcir. qro-jnd shakinq cr qrcund shaking induced qro'jj'id failures. To quantify the 
dependence of the intensities due only to aha>Lintj on distance, another e.Tpirical relation 
was determined with the intensity data near the fault omitted. The resulting empirical 
relation is essmtially tiie same as tiie one deteznined from tite cos|ilete data eet. (inten- 
sities predicted by either relation differ by less than 0.02.) This elall«Kity suggests 
that the dependence of intensity on distance Is not influenced by the Intensity date neer 
the fault due to surface faulting. For explicitness only the relation determined frOBl the 
ccoplete data set will be referred to hereafter. 



INTENSITY VS. DISTANCE 



intensity «* 2,30 + 1.90 log (Distance), 
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INTENSITV VS. Mi.Ai,UiltD i-OW- JTii^tlW AiHPLIFICATIONS 

itecordings of thrM oonponents o£ ground aotloQ generated by distant nuclear enplo- 
sions havB been made at 99 sites in the San Francisco Bay region (Figure 2) (BordMrdt. 

197C; ~ibbs and Brr-her^t: , 1974). Pi ecf.ral .-jnpli f ication curves coir^suted from these re- 
L;Qrda.:i.jo ahow tiiat ic.v-; train ground .Tuitions of certain frequencies are amplified consid- 
erably by thick secti n ; .- f unconsolidated alluvial deposits. Averages of the spectral 
amplification curves over the frequency band for which there is a good signal to noise 
ratio oorrelate strongly with the type of geologic deposit. 

To coopare the low-strain amplifications with the observed 1906 intensity data, in- 
tensity increments were defined for each of the recording sit> ?. the di : fr-rence between 
the observed intensity at the site and that predicted by the ejqpirical relation for sites 
at the sane distance on ^e Franciscan Fomation. Aiese intensity inezements are plotted 
as a ft:nrtir,n if the -.-r-rresponding Average Hor i i'-'ntal '^p^^rtra! unpl i f i cat-' on (WISA) values 
(Figurt. 4; . {Tlie AUIjA values plotted havo btcii norrtalized by the avcrdyc AHSA value de- 
termined for sites on the Franciscan Formation.) En^irical i<-]ationL. wlt^ Ji torniined using 
the method of least squares from the conplete data set (".") and from only the data (" ") 
for sites in the city of San Francisco for whi^ there was "unequivocal evidence" for the 
degree of ascribed 1906 intensity. The two eiqpirical relations are similar with intensity 
increioents predicted by either relation differing by less than two-tenths. The enpirieal 
rel:it on (61 = 0.27 + 2.70 log (AHSA)) based on only the good Intensity data in the elty 
of San Francisco is preferred. 

The oorvelation coefficient of 0.9S coqputed for the preferred eapirical relation 
(RT = .27 + 2.70 log (AHSA)) shows that a strong correlation exists between the computed 

1 r.t'-;:i:^ity increments and the amplif icatione obsi-rvja at l:jw-y train luvolj-. The phyaiccil 
meaning of this eo^irical correlation is coitplex and does not necessarily mean that e^li- 
fications observed at low-strain levels can be extrapolated directly to hiffh-strain levels. 
Bowevsr, there are two possible reasons for this correlation: 

1) For levels of qromd shaking that did not cause ground failure, the higher ampli- 
fications indicate those sites that ejfperienced the higher levels of ground shak- 
Ing* and 

2) For levels of ground shaking that did iodnce ground failure, the higher anpUflea- 
tions indicate tiiose sites that wsre most susceptible to ground failure. 

In either case, the sites of hiahrr amplification would have experienced gTMter anounts 
of damage and be assigned higher degrees of intensity. 



FREDICTION OF MAXIMim EARTHQUAKE IMTBNSITIES 

Fault studies (Wesson et al., 1974) indicate a high potential for large (magnitude, 
7.6-8.3) earthquakes on both the San Andreas fault and the Hayward fault in the San Fran- 
cisco Bay region. Historically, large earthgualces have occurred along both faults. Due 
to a lade of cultural development at the times of the earthquakes, the intensity data for 

an earthquake on the Hayward fault is very scanty and there are several presently developed 
areas with no 1906 intensity data. However, the enpirieal relation between the 1906 in- 
rnr.r^ty i :>:r';rier.ts and the AHSA values neasored fzosi the nuclear data provide a means for 
assigning intensities to these areas. 

Using the eiif>iricBl relation between intensity increments and the AHSA values, inten- 
sity increments were predicted for each of the 99 sites at v*iich airplification values have 
been measured from the nucleaur expl-si or.s . rhe predicted -.ntenBity increments were grouped 
according to the type of underlying geologic unit (see Borcherdt, 1970, for a description 
of the units) . The means and standard deviations for the various samples are tabulated 
(Table 1) . The mean incramsnts for the various units range from -0.29 for granite to 2.43 
for Younger Bey mud. These mean intensity inerssmnts provide a quantitative estimate of 
the le{ endence of the 1906 eartiiquake intensities on tiie geologioal cheraetec of the 
ground. 
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Ccili^^ing thu ccimfuted average int£3nsity increniento for the various gcoloqic uiiits, 

the enypirical relation between intensity and distance, and a geologic nap (coiqpiled by K.R. 
Lajoie, p«rsoaal c e— Mn lteation) , Boreherdt and Gibba (1974) pz«dlcted absolute intensities 
on a regional basis for the San Francisco Bay region. The resulting predicted intensity 
map (Borcherdt and Gibbs, 1974) shows the rr.aximum intensity predicted for a site U'.at aiight 
result from an earthquake in the San Francisco Bay region on either the San Andreas fault 
or the Uayward fault. Such a map is useful for delineating general earthquake froblan 
areas in the Francisco Bay region and for evaluating the earthquake haaexd In aM«a not 
developed at the tiae of the 1906 eartiiqualw. In addition, the bi^ is ueefiil for evaluate 
ing tiie haiazd due to another large aartdiquake on tlia Bayward fanlt. The iot(p shove that 
earthquake haaarda arm not vnifomly diatribated throughout the San Francisco Bay region. 
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TABLE 1 



STATISTICS FOR SAMPLES OF LOW-STRAIN AMPLIFICATIONS AND INTENSITY INCREMENTS 
NITH HBSPBCT TO FBAHCXSCMI FOgHMION FOR VMIOUS 6B0L06IC WXfS 



Caologic Unit 



Uranitc 

Franciscan 
Formation 

Pre -Tertiary, 

Tertiary 

Bedrock* 

Santa Clara 

Formation 

Older Bay 
SedLnantB 

Younger 
Bay Mod 



Average Horizontal 
Spectral Arot; lification 

Standetfd 
Mean Deviation 



0.63 



1.00 



1.42 



1.70 



0.11 



0.38 



0.45 



0.64 



2.76 1.16 
7.06 3.78 



Intensity Increment 
(1906 San Francisco Scala^ 

Standard 
Nean Deviation 



-0.29 



0.19 



0.64 



0.21 



0.47 



0.34 



0.82 0.48 
1.34 0.58 
2.43 0.58 
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Pigur* 1. Map alMMiiig aistrlbution of ^eparmt 1906 Intmtitl** tor tb» city of san Vrw 
cIboo, CBliforaia <aftaE Hood, 1908) . 

Figure 2. Map showing distribution of geologic units for the city of San Franclflcm« Call- 
fomia (cxinpilad by R.R. Lajoie fxon data of Schlockar and othara). 

Flgura 3. Observed 1906 intensities for sites Cone squjrc city block in size) underlain 
by rocks of the rrar.ciscar. Formation versus [jerpendicular diataricc trom the 
zone of surface rupture durin^^ tlic 1906 eart}iqua>.e . For sites with "onequivo-* 
cal evidance" in the city of San Francisco (Ha£> No. 19, Lawson, 1908} , the 
iMBriber of observed intensity values is sbMn belM the corresponding distanoe 
Interval. For sites intersected by an "examined route" south of the city of 
San Francisco (Maps No. 21 and 22, Lawson, 1908), the number of observed inten- 
sities is shown above the correponding distance interval. The observed I'V'Mi 
intensities axe eiipressad in terras of the 1906 San Francisco Intensity scale 
with tha lattars A-B oonoaaipttidiag xespaotlvely to tiie nuriMzs 4-0 (see Xppan- 
dix 1 fdr detailed description of intensity scale) . 

FlgOVa 4 Increnvjnts in 190G intensities versus average spectral amplification computed 
at corresponding sites from recordings of nuclear tixpiosions. Both the inten- 
sity increment values and tiia avttrage spectral an^lification values were 
puted with respect to tbe oo ree siponaing average value detexminad for sitae 
underlain by rodcs Of the Franeisean ftonation. 



III-88 



Digitized by Google 




Fl^n 1 



m-90 



L^iyui^uo Ly Google 









8 




CD 
1^ 



YOUNGER BAY MUD {IN PLACES COVERED BY ARTIFICIAL FILL 
AS OF 1906} 

ALLUVIUM OTHER SEDIMENT < > 100 FEET THICK ) 



E3 



ALLUVIUM + OTHER SEDIMENT (0-100 FEET THICK 



BEDROCK 



3 KM 



Figure 2 



III-91 



Digitized by Google 




^ ro CM — O 



OIVOS OOSIOK'Vyj K'VS 9061) 
NOIiVl^JdOJ NVOSIONVaJ NO AilSNBlNI 



nz-9t 



Digitized by Google 




in-93 



Digitized by Google 



APPENDIX 1 
SMI PBMICISCO APPAREMT XNTBtlSm SCALE 



Vbm follcwing tpeaOmu of aiipazant lataiwl^ wax* MeriM t^t U.o. wood pp. 224- 

225) in the city of San Francisoo to desoribo daaage Mhidi resulted fxon the CaliSBCDia 
earthquake of April 18, 1906. 



Grade A. very violent - Coniprises the rending and shearing of rock masses « earth, 

torf , and all stzuetuzes along the line of faultingi the fall of rook fron 
Mountain aideoi tumuoam laadalipa of gxeat magnitudei consletent, deep, 
and extended flssurlng In natural earthf some structures totally destroyed. 

Grade B. Violent - Coii)E)ri5es fairly general collapse of brick and frame buildings 
when not unusually strong; serious cracking of brlclk work and naaonxy in 
excellent etxuetuzesr tiie fbntation of fissures, step faults, sharp oon^ 
preesion anticlines, and broad, wave-like folds in paved and asphalt-coated 

streets, accompanied by the ragged fissxiring of asphalt; t::ie destruction of 
foundation walls and underpinning structures by the undulation o£ tiie 
ground; the breaking of sewers and water-mains; the lateral displacement of 
stjreetSi and the conpression, distension, and lateral waving or displace- 
nent of tiell-ballasted streetcar trades. 

Grade C. Very :^trona - Conprises brick work an.i iriasonry b.;irUy crackei, with O'-'casional 
collapse; &orr,e brick an-i nasor.r}' gables thr;":wn down; frams builiings lurched 
or listed on fair or weak underpinning structures, with occasional falling 
from undexplnnlng or ooll«pse,- general destruction of chlnneys and of aason- 
ry, bride or Orient veneersi oonsiderable cradling or crushing of fiBundation 
walls. 



Grade O. strong - comprises general but not universal fall of chimneys; cracks in 
Biasoniy and brick work; cracks in foundation walle, retaining walls, and 
cuxfaing} a few isolated cases of lurching or listing of frane builAlngs 
built upon weak underpinning structures. 

Grade E. Weak - Comprises occasional fail of chimneys and daunage to plaster, parti- 
tions, pluabing, and tlie like. 
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A STATISTICAL APPROACH TO LOADING AND FAXIXJHB OF STRUCTOSES 



by 



aonald G. Marritt 



U.S. Aray Construction Engineering Research Laboratocy 



A fundamental problen of struetwal engineering is the examination and 

selection of loadinq criteria. It is jnperativfi that any .solution to thfi prob- 
lem center around a raticnaie that relates iriformation availatie on loading to 
selected criteria. Such available information is generally in the form of data. 
It is tbe purpose of this brief paper to abstract the probXen and outline pre- 
lininary work on a rationale for addressing the problen. 

The paper begins by defining the general nature of the problem. Solution 
to the problem is related to consideration of available information in the form 
of data. The next three sections of the paper discuss the initial stages of a 
rationale f6r consistent examination and selection of loading criteria. The 
first of the sections examines available iriforsiation on structural load and the 
second exaxi.nes available infcrnatioa on iriotarices of structural failure. Classes 
of statistical methods are discu?;sfid in the third section. This section also in- 
cludes discussion of a proposed method for assessing tbe overall infonnation con- 
tent of tbe available data. Finally, several illustrative examples of a^pplication 
of statistical methods to load and failure data are ^pe««ited and the paiper eon- 
eludss with a disouasion of fntura eatension to tJtis pnelimlnaiY trarfc. 



Kay Hbrdst Failurei probatollity tlworyi randan process i safety) statistical 
analysisi structural engineering. 
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Examination and selection of loading criteria involves tlie consideration of a state- 
ment S with quantifiers that relate vauciables useful in description of the load. This may 
bs writtsB gaiMrally mm 

(1> SiC - C(t, r, A) 

for 

S ■ Loading criteria statAoant 
C ■ Load function 
? - TilM V«etOK 
r ■ Spmem vaetor 

a = Parameter vector 

Ttie statement S has a quantifier the load function C which is e^gpressible in terms of time, 
■paoe and a dnlte set of paranetaxa. Uia aavsaaalon la ^aoaral anoogh to allow for aav 
oral cooponants of tlna, spaea, and paranatars, as danoted by the vector notation, tbo 

problem may now be stated in terms of examination of the validity of S. 

Validity of S is usually established through some subjective and objective evaluation 
of available information related to S. In order to be consistent in this evaluation of 
informationf a rationale for carrying out this evaluation must be set forth. Ttie pcelimi- 
nary outline of the rationale proposed in this paper centers vqpon a neans of asseeslng 

available information related to S by use of statistical techniques, correlating this in- 
formation and obtaining quantitative factors upon which the validity or invalidity of S 
may be established. In a real sense this rationale, in part, already exists in that sta- 
tistical intaxpretation of collected data is conaoivlaoe in exanination of load data. Iho 
discussion to follow extends tllis rationale. However, i'fe 1*. ix^ox^mnt «a note bare tiie* 
-all" availiiblrj information is to be examined in evaluating tiie validity or invalidity of 
E. This incliideG consideration of load information for one. But in addition, since the 
invalidity of 3 tacitly implies possibility of structural failure because of load, one must 
also consider structural failure information. It is the general nature of these sets of 
infonaatioa that provides the basis for this pceliadnary work on d8velos>"Mot of the r»- 
tionale. 



LOAD INFORMATION 

Load iDfbmtion ia obtained in a quantity tamed a datuui Such datum nay be in a 
raw fom or in a etnmary fora. The n*r fbcB oonsists of the most lM«io unit and results 

from direct quantization of the phenoasnon uidsr ahearvatioa. The Bumary toxm results 

from a transformation of raw data. 

Il!pon collection of data on loadingr e.g., wind loadingr it becane t^pparent that sons 
way of classifying Individtial pieces of datun ttould need to be developed. Onoa classified, 

then groups of datum within any one designated category ciuld be exanined for ccnaiatoncy 
and their relationship to the proposed loading criteria. The discussion to follow defines 
the datum classification system and th-e example in Section VI illustrates flfiplioation Of 
a statistical technique to a piace of datum within the system. 

The requirements on a load data classification system are very basic. First, a single 
piece of datum must be recognized as such in the system and second, a piece of datum must 

be classifiable within tlie system. In order to facilitate tJ-iis a "generalized random pro- 
cess", L, is defined whose "sample functions" consist of pieces of datum described by a 
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set of paranetezs related to the load phenoaeiuii (1) .* This is most easily expressed as 

li(t, r, a} > (l(t, r, a) t tcT, FeR, adk} 

where 

L(t, r, a) ~ Generalized random process 



a) 


m 


A piece of datum 


fe 




Tine related description of the datum 


T 




Tiae indaxiag set 


r 




space related description of ttie dattas 


R 




Space indexing set 


a 




Parasneter related description of the datum 


A 




Parameter indexing set. 



It is assumed that every piece of datum related to a load phenomenon balongs to L(t, ri a) 
and tjnat_ each piece of datum is uniquely defined through an ordered triple of vectors 

<t, r, a). 

the advaata^es of such a sieans of elasslQ^lng datti by evaluation of t, r, and a are 
readily apparent. Fiirst, in evaluation of t, r, and a datum sets are established within 
L(t, r> a) that relate similar information about the load_phenoaenon under investigation. 
Second, correlation of information throucjh evaluation of t, r, dnd a allows one to assess 
the overall information content of the available data. Third, ready evaluation of data 
wltitin a given datum set is possible and links snongst datum sets provide a key to links 
amongst data within different datem sets. Finally, tills approach lends itself well to 
either the synthesis approach or the analytical approach to criteria selection. In the 
synthesis approach, al] data is structured into a description of the load phenomenon and 
criteria are selected from this description. In the analytical approach, the datum is 
ehedced egainet the proposed criteria for oonsistenoy and selection of criteria is based 
vipon tills diedc. Ih either case, the pertinent datum is easily identified. 

A total of twenty-two parameters that nust be evaluated for each piece of datum were 
selected. The twenty-two parsunetecs may be divided into five groups. Brief mention of 
these five groups will suffice for the present discussion. The first gsOUjp coneisting of 
two parameters uniquely identifies the piece of datum. The aaoond group eonsistlng of 
five paramstsra identifies the datum by defining the overall load phenomenon properties, 
e.g. static, deterministic, stationarity, its source, its spatial extent. The third gro\^ 
consisting of eight parauneters describes the piece of datum in terms of the time history 
information available. The fourth group consisting of five parameters describes the datum 
in terms of the spectral information available. Finally, the fifth groiv of parameters 
oonalstiaig of two psxsmatera gives a brief narrative description of the piece of datum 
along with a source referowe. 

This geni"-r.:il ociiemn or rJatujn referencing permi tc a cimfi stent examination of struc- 
tural load data. Extensions to this general scheme will be discussed in the last section 
of this paper. 



*MUBbers in parsntiieses denote references. 
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STRUCTURAL FAILURE INFORMATION 



The consideration of data on instances of structural failure in the preliminary 
stages of developmsnt has provided for some most interesting ideas on structuring of data 
from diverse and cornplex phenomenon. In the case of structural load data, the content of 
individual pieces of datura vas described in ternis of a set of parameters and the raw. or 
Sttinary form data lay within each of the random process sanpla functions^ Dmtn sxwlyais 
was assumed to take place on a "level balow" the datun atruetures, L(t, a) , For tha 
case of structural failiire, the nature of the available data and infomation desired fzusi 
the data requires that the description of the datun, i.s., instance of structural failuCOy 
be coniplete enough for data analysis. That is, the ctnalogous structural failure "gen- 
eralized random process" should contain the available information concerning the structnral 
failure. This i^roach to structural failure datum is the product of several consider«> 
tions. First, quantitative structural failure data is difficult to obtain since few in- 
stances of c.tr.i : tui =ii failure are instrumented. Second, unless the failure is controlled 
in some man.ner, quantitative data tends to te mea.aingless because of the coH^lax load- 
response path that usually describes the failure. Third, any om cas* Of Structural fail- 
ure is but one of many possible structural failures and it may cur nay not share propertios 
in oonnon with other cases of structural failure. Fourth, detailed c^iantitatlve data from 

instrumentation of a i^tructural failure would prc-yunt a prohiljit ively hit/h rjoHection anti 
ruduotioi. rjo^-t mtorr.ation ratio. filially, detailed roducti-jn of quar/;.! lativo data ob- 
tain>^d durinq or sft^r structv.rs ^ failure would tf?nd to de - GnphaBizc the overall chorjc- 

teristics of the structural failure. Structural failure data was considered in the follow- 
ing way. 

was hypothesized that structural failure may be considered a "generalized random 
process" (1). Tlxaa, it can be r^resented by an expression 

s(t, r, a) » is(t, T, a)? tel, Icr, Iktd 

S(t, r, a) = Structural failure generalized random process 

s(t, r, a) <• Structural failure sample function 

t >■ Time vector 

T « Time indsxing sat 

r ■ spatial vector 

R ■ Spatial indexing set 

a = I'araj.-cter vector 

A = Parameter indexing set. 

All instances of structural failure beloing to S(t, r, a) and •very failuM is in S(t, x, a) 
either ejqslicitly through collected data and parameter evaluation or Infilleitly in cases 

where the structural failure is unrecorded but t'Mc ir.dexinq sets are broad enough for de- 
scription. The problem of structural_failurie data structuring now becomes a matter of da- 
finijig and A and evaluating t, r, and a from collected data on structural failure* 

Ultimately, forty- five parameters were considered adequate to define the structural 

failure random process, i.e., forty-five parameters were considered sufficient to describe 
any instance of structural failure. Obviously, only the overall gross characteristics of 
an instance of structural failure were considered i^ropriate for deaerlption and meet 
pertinent to the overall rationale. 

The forty-five parameter'^ frill into r.ir.e malor cate jories . For the sake of brevity, 
these nine major categories will be listed with a few comments regarding the parameters 
within each category. 
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1. idantification - llils catagory includes in£ozm»tion on the so«ixc« and infoznatlon 
oantsnt of tlia structural failure data available. 

2. Structure Characteristic Information - This category includes all information re- 
lated to the structure that experienced the failure. The dates of construction 
and failure are recorded along with general structural, aaterial, aitd functional 
ehacactarlstics of the •troctur*. The geonetzioal dlaMWiane of the atructuxe 
along with those of the failed portion of the structure are also recorded. 

3. General Failure Description - This category describes the cause of the failure, 
the extent of the failure both in qualitative and quantitative terns, the nature 
of the feilore in terms of jpxogressiv* or nonpzogzessive diaracteristics, hori- 
zontal or vertical Characteristics, tite total tine of the failure, and the stages 

of failure. 

4. Global Failure Description - For failures in t^ich a najor portion of the overall 
Structure has failed, the failure takes on a global nature. This is subsequently 
described by three parameters naming elements of the structures that failed, modes 
of failure, and material composing the failed elements of the structure. 

5. Local Failure Description - A failure of a structure may Include a small portion 
of the overall structure in idiieh ease tiM failure takes on a local nature, the 
same three parameters as for ^.global failure description provide for the local 
failure description. 

6. Global Load Description - Loading on a structure that is over a large portion of 
the structure may be termed a global load. It is described in terns of four 
parameters including identification,^ g«ieral dimBnaions, a general atatemsnt, and 
estimated value if this is available or eble to be deduced. 

7. JU>cal Lioad ijescription - Loading on a structure that is over a small portion of 
the structure may be termed a local load. The same four paraneters as in the 
ease of global load description describe the local load. 

B. Load-Failure Pclationship - In most instances of structural failure, there exist 
a general spatial relationship between load and failure. This relationship may 
be expressed in terms of local load-local failure, global load- local failure, 
local load-global failure, global load-global failure. This parameter provides 
insight into the nature of the extent of the loading and the corresponding fail- 
ure. 

9. G.-neral sr.atenenr- - This final parameter group consisting o£ one parameter iS a 
general statement about the failure and its cause. 

Here again it is well to remind the reader that structural failure does not relate well to 
phenomenological description because of its comf lexity. The categories of parameters and 
the pararnetcra tiiomsol vca provide for an overall view of the_struc':ural failure process. 
Given_data on structural failure, the parameters o£ S(t, r, a) can be evaluated and 
S(t, r, a) better defined. Ibe statistical techniques to be discussed in the next section 
are applied directly to the paramaters of s(t, r, a). 

Extensions of this scheme for structoring failure data will be discussed in the last 

section of this paper. 



The nature of the probioin under consiaeratior. And breaflth of the field of statistics 
make it possible to consider only a few topics in relating statistica] methods to the 
datum within the framework of the load and failure generalized raiidom processes discussed 
above. 



BASIC CONSIDBRAtZONS FOR STATISTtCM. MlkLirSIS 
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One of the first considerations in applying statistical methods to data of the pro- 
ccsljC'j abovo i\i a:i cxamiiiation the way in whic:h data is measured. There exist tour ac- 
ceptable Statlsticai data ineasures by Wiich the measure of data is defined (2) (3) . Listed 
in order from least to most powerful they are as follows: noninalr OXiSinal, interval, and 
ratio. A briaf dascrlptlon of aadi is in order. The nooiinal aeaavre applied to data iar 
plies the data aay be categoricod according to a set of nutually exclusive conditions. 
The ordinal data measure applied to data iinplies there exists an order relationship amongst 
pieces of the datum. The interval data measure applied to data iiiplies a relationship of 
the form 



exi-sts iiatweert any two pieces of datum. The data is in socne way coimensurable . Finally < 
the ratio data measure applied to data implies numerical relationships for the datum are 
available and for y / 0, x/y is a siaaningful eiqpresslon between ai^ two pieces of datum. 
The data is numerically ooneiensurable. 

AitiiougJ; there are a nuitber of ways of dividing statistical methods into categories 
for purposes of this discussion perhaps the categories distribution and distribution free 
will suffice. Distribution related statistical iMthods« in generalf correlate with in- 
stances in «hi<9i finite paraneter distribution functions may be utilised in the statistical 

analysis of the data. Distribution free related statistical methods, in general, correlate 
with instances in which lesser restrictions are imposed upon conditions that must be sat- 
isfied for applicaticn of the method to a given set of data. These- statistical xethods 
may be further subdivided into methods concerned with point estimates of parameters « con- 
fidence regime for parasieters, or significanoe tests for paraBBtars. 

In the Illustrative examples to follow, distribution free statistical nethods are ap- 
plied to both load data and failure data. In general, distribution related methods apply 
«rell to load data because of its tendency to be describable in terns of the ratio data 
■easure and distribution free related statistical methods apply well to structural failure 
data because of its tendency to be describable in terms of data nsasuras less pewerful than 
the ratio masure. 

in wuric to date emphasis has been placed or. considerati.on of structural faiiuxe aata. 
It has become important to consider categorical distribution free statistical techniques 
for use on parameters of the structural failure random process. Categorical techniques 
are most aipplleable because structural failure data is f6r the most part of a categorloal 

nature. Distribution free techniques are most applicable because of the difficulty in 
determining the distributions and their related parameters because of lack of large amounts 
of data. 

It is found useful when considering the structural failure generalised random process 

to construct a statistical method-prooess paraneter matrix whereby statistical methods ap~ 
plicable to given process parameters are correlated one to another. Table 1 below provldas 
a sSfpient of tills matrix. 

The construction of the matrix in Table 1 leads naturally to an assessment of the 
owrall Infomatioo content of a set of data based upon an evaluation of factors useful in 
defining the overall diaracteristies of a statistical metiiod (4) . Table 2 lists factors 

useful in evaluating the effectiveness of a statistical method along with proposed weights 
for these factors. The overall information content of a set o£ data is determined by as- 
sociating a set of statistical techniques with the data and proceeding to tabulate weight 
values for the various factors. A relative measure of information content amongst sets 
of data is obtained. 

There exi-st several najor weakr.usses m ths api'roach. First, not all statistical 
methods may be accurately evaluated in tornis of these fautora. second, it presumes that 
one has selectod an optimal set of statistical methods to operate on a given set of sta- 
tistical data. Third, it presunas that data infomation content is related to abstract 
measures on the statistical mstteod independent of tiie data. Pinally, it assumes the 



x-y> O,x-y"0,orx-y< 0 
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weighting factors ar* aeeuratft and constant over the ranges o£ statistiLCAl methods. Evon 
theogh tlMs« w«akiMfls«a •xiat« a matrix relating statistical method versus weighting factor 
provides a erods Measure of the relative Infonnatlon content of a set of data to which tJte 
statistical nsthod nay be applied. 



The examples in this section of the paper axe illustrative in the sense that (a) they 
are not based upon all the data that is available and (b) they present a rather new approach 
in the reduction of civil engineering data. The first point is a result of the preliminary 
nature of this work and ability to reduce only a portion of the data available. The second 
point refers to the use of distribution free statietioal tediniques on categorical data. 
In general r measurewait distribution oriented statistical techniques are used on numerical 
data resnltln^fron a veil controlled experiment. The results of the statistical auialysis 
are t}ien presented in Home concise form. Categorical distribution free statistical tech- 
niques require data to b« categorized and are often times related to a statistical hypoth- 
esis test which may or may not be related to a parameter describing the data, s.^.r trend 
or randooness of data nay b« under investigation. 

It is also well to point out that the conclusions drawn from the illustr.stive example 
may seem trivial, however, each example concluKion presents only a minute piece of infor- 
nation extending that which is already kni/vr, out the case under investigation. That is 
to sayr the effectiveness in use of techniques in this way cones by way of oonetmction 
of an overall view of Che case by means of statistics. This iiqplies application of many 
atatiL^tical tcchn i rui L- in many different ways to the data available. Fortunately, once 
a data base has been constructed and the statistical techniques selected, this becomes a 
rather simple and automatic procedure. 

Bxample 1. The first illustrative exaaiple oonoerns correlation of external wind 
pressure coefficient with structure configuration, wind tunnel data given in Table 

3 (5) relates the external wind pressure coefficient on four sides of a structure 
(from wind bluwing at twa di i t j r<_ rit aM jlu j of incidence to a rcf' rencc face of the 
Structure, Figure 1) to the relative dimensions of the structure. A measure of the 
structure configuration is taken as the "relative volume" of the structure defined by 



utilizing a variation of Spearman's Rho test for a measure of correlation between V 
and ths external pressure coefficient « tiie results of the rank oerrelation coefficient 
ooavutatloB are ehomi in Table 4. 

A few obsemtions that may be made on the basis of this single analysis are as 



(1) Positive correlation, i.e., large V associated with large qpe, on walls 
denoted A, Ba ■ 0* and A*, B*, C* a - 45* and negative correlation, i.e., 
large V associatad with small C^, on walls denoted C, D a - 0* and D' o - 

(2) A lower degree of correlation between V ana qpe when Qpe is negative, 

(3) in the ease of wall C, C*, thars is. a change in sign of correlation ooaffi* 
dent with change in angle of incidence of wind, 

(4) The correlation between V and Cpe is in no instance very strong. 

Bxanple 2. From some data available on failure of structures (6) , the cause of fail- 
ure of structures has been placed into one of sixteen categories, as presented in 

Talilo 5. TaI;lo 5 al:^o troscnts tho oinpi rica; il i * i Ibution of causes for some 88 cases 
of failure, in order to esteJ^lish a distribution function for cause, attempts are 



ILLUSTBATIVE EXAMPLES 



V = hbL/(max(h, b, l})^. 



follows : 
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made to fit a uniform distribution curve and an arbitrary distribution curvo to the 
data of Table 5. The chi-square goodness of fit test in utilized in both instances. 



A formal statement of the problem for the case of unlfom diatribatlon fitting 
is as followflt 

Hq : FCx) = F^(x) All X 

t F(x) i< F^(x) At least one x 

where 

F^{x) is a unlfona dlstributioa over all valiies of x. 
Dtilising the chl -square goodness of fit test, is rejected at all neaningful levels 

of significance. This is not suri::ris Lny from an examination of tho data. Iri the case 
of an empirical distribution fxt to the data of Table 5 again, a formal statement of 
the case is as fblloMst 

« F(x) » F^(x) All X 

Hj^ ! F(x) ^ F^(x) At least one x 



where 



F (x) is an arbitrary distribution function over all values of x 
given in Tsble €. f''(z) is similar to the distribution tnaction 
for the nomal distribution. 



Ltrary di 
i. F*(x) 

nomal < 

Utilising the statistic 



and after ooobining ei^ected frequencieSf causes, and observations consistent with 
the statistical nsthod and oosfpioting T on tJie basis of data in Tabls 6« one finds 

T " 5.6. 

The ubitrary empirical distribution fits the data well and is accepted at the 
1001 level. It should be noted that aoaiaining of failure of stcuetuxe eausee and 
observations inpliss a transfotmation of ths original date. Care must be exercised 
in interpreting the empirical distribution curve fit to the data. 

Exainple 3. The final illustrative example examines the relationship between lo»»d and 
failure in terms of the qualitative terms local arid global. A 2 x 2 continuing ta b l e 
made up of 86 pieces of datum is shown In Table 7 with a key for identification of 
the variables and tiieir values. The hgnpetliesis for HcNsaiBr test for significance of 
change applied to the contingency table in Table 7 asqr be stated as follows i 

i > 0) m 9{X^ m Q) All i 

! F(Xi ' 0) ^ P{Y^ - 0) All i 



or 



! P(3Cj - 1) ^ P(X^ - 1) All 1 
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In a physical sense In the first set of hypotheses, H. states that the probabil- 
ity of a local load Is equal to the probability of a local failure and H^^ thu noga- 
ticm of this for all observations of load and failure. In the second set of hypoth- 
eses H States that the probability of a global load is equal to the probability of 
a global failure and H^^ the negation of this for all observations of load and fail- 
ure. Application of the McNemar test statistic rejects both hypotheses H. at the .001 
level. It should be noted that in the NCNeneir test for significance « an LuMx con- 
sistency in the data must be assumed, fliis is difficult to verify for the data avail- 
able. 

The use of contingency tables for categorical data is an iiqportant key to a con- 
sistent «ppKoach to exaaioation o£ load and failure data. 



CONCLUSION 

•Ehe above rs^pxeaente a very preliminary basis for a statistical exanination of the 
load and failure of stmctoreB and a rational approach to examining available information 

relaterj to loading criteria. The next stage in the development will consider construction 
of a data tase of available data along with establishing a broader group of statistical 
techniques. This should lead to the consideration of mathenatical pattern language in the 
correlation of collected data and in the utiliaation of appropriate statistical techniques 
on the oolleeted data. In addition, it is anticipated that more advanosd mathematical 
techr.lqa.;-3 , e.g., in the aroa ol co.TJ:ltiatorLal iK-thods will be used for investigating gen- 
eral relationships a.Tongst tht: diverse piejes ol -latum. 

The ideas e^^ressed above form a basis for a rationale for the examination and selec- 
tion of load criteria. The rationale is based v^pon a oonsistent and thorough statistical 
analysis of available load data and failure data. Given the statement S representative 
of a statement of load criteria, the validity of S is deduced from the oonsistent and 
thorough statistical analysis of all available data. WOXk to date described above is a 
first step in the rationale development. 
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TABLE 1 



STATISTICAL METHOD - FAILURE PROCESS PARAMETER MATRIX 



SH 



n 



6 

7 . 

8 

9 



Key: 



X 
X 
X 



X 
X 
X 



Failure Pararaeter (FP) 

6 Oesertptlve Mane 

7 Oonstrttctlon Pftte 

8 Pallure Date 

9 Strttctural Characteristics 



X 
X 



statistical Method (SM) 

1 Binoniaal Vest 

2 Cbl-squartt VMt for Goodnsaa of rit 

3 Wald-nofowlts ftms Test 

4 Quantile Test 



I 
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T»LB 2 

FACTORS FOR EVALUATING THE EFFECTIVENESS OF A STATISTICAL METHOD WITH WEIGHTS 



Statifltieal Data Haasore (10) 

Nondnal 2 

Ordinal 4 

Interval 6 

Batlo 10 

San^le Size 10 

Data Transformation and Restrictions on Data Parameters 2 

Laval of Gaaipatatioiial Bffort 2 

Bstant of Itoa of Sywtmtxy 2 

Sensitivity of Procedure to .Msunptions 4 

Szooision Laval (10) 

Exact 10 

Theoretical Approximate 7 

Judgment Empirical 4 

Efficiency of flatbed 10 

Conaiatenoir of Mailicd 10 

Smiaitivi^ of Prooeduxe to Aseuniptions and Difficulty 

in Verifiring Ussuaptions 10 

Pcpolation Properties and lavortanoa Xsnngst Other Data Groups 5 
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TABLE 3 



STJttJCIUIttL OOMFXGURATION AND EXTERNAL PREKf^URF COEPFICZBNT CP^ 
AT ANGLES OF INCIDENCE OF O" AND 45« 











= 0" 






a = 


45» 




httotL 


V 


A 


B 


c 


D 


A' 


B' 


C" 


D' 




1.00000 


.0 








.5 


-.5 


.s 


-.5 




0.20000 


.9 








.6 


-.5 


.4 


-.5 


2. i2,5 


0.20000 


.9 








.6 


-.5 


.4 


-.4 


2«St2.5 


0.20000 


.9 


-.5 


-.8 


-.8 


.6 


-.5 


.4 


-.4 


1:4:4 


0.25000 


.9 


-.3 


-.4 


-.4 


.5 


-.4 


.5 


-.4 


Ii8il6 


0.0312S 


.8 


-.5 


-.5 


-.5 


.5 


-.5 


.4 


-.3 


2.5tltl p 


0.16000 


.9 


-.6 


-.7 


-.7 


.5 


-.5 


.S 


-.5 


2(1*2 


0.50000 


.9 








.6 


-.5 


.4 


-.4 


1(2.4:12 


0.10667 


.9 








.5 


-.6 


.4 


•.4 


l:li5 


0.04000 


.9 








.5 


-.8 


.4 


-.5 



TMXS 4 

RANK OORBELATIOH OOEFFSCIENT OP STRDCrORAL COWIGURATIOH 
JUID BXIBUNIL PBBSSORB COBrFXCESMT 

Variables Correlation Coofficient 



V-A 


.41 


V-B 


.32 


v-c 


-.25 


V-D 


-.25 


V-A' 


.36 


V-B' 


.61 


V-C' 


.42 


V-D' 


-.20 
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TABLE 5 

FAZLUBB or STMJCTOSBS CMSB WITH BNPIRICAL DISTRIBirFIOir 

FaiXure of Structu£e Cause 

1 

1 2 3 4 5 « 7 8 9 10 11 12 13 14 15 16 
QbMxvatlons 

1 21 02 7 15 1$071S 05 270 
Key; Failur* of Structuza Cause 



1 


Unknown 


9 


Material and Functional 


3 


Structural 


10 


Material and Workmanship 


3 


Material 


11 


Functional and WorkrvariShlp 


4 


Functional 


12 


Structural^ Material and Horkaanahip 


5 


Morknuahip 


13 


Structural, Functional and Wbrkaanehip 


6 


Structural and Material 


14 


Material, Functional and workiMinship 


7 


structural and Functional 


IS 


Structural, Material and Worknanship 


b 


structural cmd Workmanship 


16 


structural, Material, Functionai und 
Hbrkaanship 
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TABIB 6 



EMPIRICAL DISTRIBUTION FUNCTION WITH DENSITY FUNCTION AND 
EXPECTED FREQUBNCy OF OCODIWENCB FOR N - 88 CASES 



X 






E4 > f^(x)i!f 
J 


Failure of 
straei:iir« Cause 


Cbservatlo 


1 


0.0005 


0.0005 


.004 


3 


0 


2 


0.0010 


0.0005 


.004 


9 


0 


3 


0.0100 


0.0090 


.792 7.040 


1 


1 


4 


0.0300 


0.0200 


1.760 


4 


2 


5 


0.0800 


O.OSOO 


4.400 


7 


5 


6 


0.1800 


0.1000 


8. BOO 


5 


7 


7 


0.3200 


0.1400 


12. 320 


10 


7 


8 


O.5O00 


0.1800 


15.840 


8 


IS 


9 


0.6800 


0.1800 


15.850 


2 


21 


10 


0.B200 


0.1400 


12.320 


U 


IS 


11 


0.9200 


0.1000 


8.800 


15 


7 


12 


0.9700 


O.OSOO 


4.400 


13 


S 


13 


0.9900 


0.02D0 


1.760 


14 


2 


14 


0.9990 


0.0090 


,792 7.040 


6 


1 


15 


0.9995 


0.0005 


.044 


12 


0 


16 


1.0000 


0.0005 


.044 


16 


0 



8 



TABLE 7 

2x2 CONTINGENCY TABLE FOR LOAI>-FAIUUB£ REIATIONSUIP 



y = 0 y = 1 



4 


33 


4 


J* 5 



K^t Load and Failura Typ« 

Local ImA X - 0 Global LoaA X *> 1 
Local Failure Y - 0 Global Failure ¥ ■ 1 
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HGURE t STRUCTURAL CONFIGURATION FOR 
WIND PRESSURE COEFFICIENTS 
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SYimiBTZC BXPERJKErrrAL kkseakci: (::tJ 'niE ductility ny short RBZHroaCBD 
C0NCRE1S COIAJMNS UIIDER LARGS DEFLECTION 



by 



Kiyoshi Nakano 
Ko.id the Third division 
Building Research Institute 
Mlniatry of Constroetiont Japan 

MjLiay.n Ilirosawa 
Chiel Restiarcher of the Third Division 
Building Research Instituta 
Ministry of Construction, Japan 



In general, short reinforced concrete columns will fail in a brittle manner. 
In order to create and establiah better ductility in such oolunns, a synthetic 
rasaardi ej^eriowntal program haa bean condvctad* Ihis prograM oonalatad of the 
tasting of 125 short column spcciaaBSr subjected to multi-cyoles of flamare^bear 

loadings. The result from these tests Indicate the following: 

1) The ductility of structural members is influenced by shear, bond, and 
bocdcllng of the ooapresslon bars. 

2) To prevent budding of ooaiprassion reinfbroement* under amall curvature » 
the spacing of the wab ralnfbreemant muat be oontrollad. 

3) In order to prevent a shear failure of structural members within rea-^on- 
able ductility, an effective set of restrictions on the conblnation of 
axial foxoa, tanilla rainforcenent ratio« and diear span ratio are ra^ 
quired. 

4) The bond failures which were observed in the test members, where deformed 
beurs were used as axial reinforcement, consisted of bond-splitting of the 
eovar concrete. The conventional method, vAiich uses bond strangth as an 
index to verify bond failursr is not effective for tha bond-aplittlng 
failure node. It is, ttiarafbra* nMasaaxy to raatriet tha tensile rain- 
foroenant ratio in order to prevent tiiia type of bond failure. 

words: COlunnr ductility; earthquake; reinforced concrete; shear teeta; 
structural engineering* web reinforoeaient. 
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INTBODUCriON 



In a country such as Japan, where severe earthquakes occuc Often, the Structural 

safety of bviildings is governed largely by earthquake design criteria. 

Due to the results obtained from many strong motion earthquakes and relative to re- 
sponse analyses and earthquake damage observations « it has become gradually clear that the 
actual iafliasnce of earthquakes on structures 1« more severe than the similated earthquake 
load Which is designated In many countries as a design seisnic force cocffiei«it. In fact, 

during the 1968 Tokachi-Oki earthquake, several buildings. Which had yield shear coeffi- 
cients greater than 0.5, were destroyed. 

In general, it is not practical to construct all buildings strong enough so they can 
resist severe shocks as controlled by thair load-carrying capacities. However, it is pos- 
sible to con: ii J L J icLile buildings with appropriate load-carrying capacity and rigidity, 
which can survive severe shock. 

Reinfozead concrete buildings constructed in Japan are designed with a selsffllc shear 
coefficient of 0.2 or greater, however, the resulting ductility factors required to re- 
sist severe earthquake shocks does not seem excessively large. Therefore, a synthetic ejl- 
perimental research project was initiated to determine how to make reinforced concrete 
short ooluuis ductile. 

This research was sponsored by the Ministry of Construction and a canmlttee was thus 

organized to execute this project. This comniittee consists of members .'.elected from vari- 
ous research organizations belonging to government, universities, and private firms. 

In this report, the failure oiodes and the factors which affect the ductility are dis- 
dttssed based on results of tests of 125 specimsns. 



awunm oe bxpbrihbnt 

Objective and Haater Plan of BKperinent 

The objective of this synthetic experimental research was to obtain quantitative de- 
sign criteria to insure that rainforoed concrete colvams are ductile. 

lha mean unit axial coaqfnreesive stresses in the first story ^ooluons of reinforced con- 
crete buildings in Japan due to permanent load is about 40 kg/cm . Assuming a value of 
0.4 as the yield shear coefficient, the mean unit shearing stresses during a severe shock 
are generally less than 20 kq/cnv^. The quantity of wet rt i : 1 1 ^rcement required to meet the 
above stress conditions will not cause construction difficulties during fabrication of the 
COliaHDS. 

However, as coltmns are the roost important of the various structural members, it is 
prefereible to keep ther. lictiie even under the maximum shear force expected during severe 
earthquake shocks. The maximm shear force corresponds to the shear force that is present 
when the colunn yields at both ends. 

Therefore, the eoMbinatione of the ratio of tensile reinforeenent and shear span 

ratio were first selected so that their naxfnara shear capacities did not become excesaively 
large under ccnistant axial load, which corresponded to a value of 40 kg/cm^. Next, the 
reinforcing details such as quantity, spacing shape of web reinforcement, and axial bar 
arrangesient were examined experimentally in order to induce a ductile condition. 

The stan.lsra i^herir hj an i ritio that was adopted was intentially small and thUS con- 
tradicts the characteristics relative to a ductile condition. 
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A. Vuiibls Faetora 

Based on the past experimental and research results, the committee selected ten 
variablM u thoam factors iriiieh affect ductili^. These factors are shown in Table 
1 and are listed as Fl to FlO. The valves and characteristics of sods of the vari- 
ables shown in Table 1 were determined from previous investigations wfalch wese con— 

ducted on various existing reinforced concrete buildings. 

The selection of the atandard sise of aross-saetioOf web reinforcement ratio, 
loading hysteresis and loading apparatus was tlian determined, as will now ba desoribedi 

1) Scale Effect 

Reliabla data relative to the scale effects on concrete columns is scarce. 
Also, due to limitation in budget and facilities, it is often is^ractical to 
conduct full-scale tests. Therefore, the size of the main test cross-section 
that was selected was 25 square cm. Also, a series of 50 square cm sections was 
tasted to investigate tiie scale effect. 

2) 1Mb Minfoecemant Ratio 

The method to be used for calculating a reasonable web reinforcement ratio, 

in order to obtain ductile coluirjis, hjs to date not beer, established. Thoriifore, 
it was tentatively decided to use Araluiwa's minimvmt equation to set the steuidard 
reinforoemnt ratio. This exparinental equation detezmlnes the minimin re- 
qnirad shear strength of reinforced oonoceta msMbers when not subjected to an 
axial force . This equation is used as a basis for the revulations of A.I.J, 
codo for shear reinforcement. That is, one of the standard values of the web 
reinforcement ratio was tentatively set as Pw]^ which can be obtained by substi- 
tuting the flexure capacity, c<hu » equal to tihe shear force, given in Arakawa's 
minimum formula. Half of thePyj^ value was also adopted as part of the standard. 

3) loading EKOorsion 

Until a rational dynamic motliod has been established for estimating tiie 
seismic properties of structural members, it is difficult to evalute these prqp- 
artiaa froai tiim rosolts of special vibration tests. However, soon standard 
static qrelic loading method mat ba adopted In the test program. Therefbra, a 
nulti-cyclea altamata loading method, as shown in Figure 1, was adopted as a 
standard loading amenraion. Thla loading pattern was aelected fbr the following 
reasons : 

a) The ductili^ factore detentined fzo» a response analyses of medium 
height buildings daring savsra Aooiks is approxinataly thrme or four 
providing tlieir strength and rigidity ia not eaceasively small. 

b) The nuirbcr of acceleration responses t^ich correspond to approxi- 
mately 80% of the maximum has been reported to be of the order of 
ten. 

c) The structural characteristics of members under alternate cyclic 

loading at constant deflection is osually dstexBined Within tan 
cycles of the loading. 

4) Loading system 

In most past experiments, simple beam systems were used as the loading sys- 
tem for the structural menlaers. However, this method is not acceptable for the 
investigation of the seismic bdiavlor Of reinforced ooncratm colnma bacausa of 
the following reasons t 
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a) When discussing shear ar.d bond problems in members, a restrained beam 
type is better than siinple beam type in simulating the real condition 
of coluna In actual balldlDga during an eartliquake. 

b) Botb anda of tha oolun aactlona ataould ba kept parallel and wiOiottt 
Inolitiatioii with xaapaet to each othar to ataialata tha actual condi- 
tions. 

c) in discussing the charaotariatics and effects of large deformatiooaf 
it is pnfarabla that tJia influence of additional Mownt doa to ec- 
centric axial load be easily eatiautad. 

d) It is preferable to lrQx>8e many cycles of load reversals and ttiat tha 
developing cracks be easily (Served and recorded. 

A new loading apparatus, as shown in Figure 2, was developed emd was used 
to test the series of columns. In order to discuss the influence of the load- 
ing systanBi tMo test aarlae were also conducted on continuous beams. 

B. typical series and Specinen Details 

On the basis of the previous discussions, it was decided that a typical series 
should consist of a total of fifteen specimens. Each series was subdivided into 
types, dependent on the variables to be investigated. For example, three specimens 
wara a function of two spaciawna ware dependant on o , two spaoiiNna relatlva to 
H/QD, and two • function of F^. A list of the specinene relative to a ta^pical series 
is shewn in Table 2. 

In the other series, each oomnon factor, for example, C or size of section, 
etc., was systaafttically variad. Figure 3 ahows an esa^le of the details of tiw 
spaciwns. 

To date, ten series, a total of 165 speciir.ens, have been tested, as detailed in 
Table i. The results on the first seven series o£ these tests will be discussed in 
ttlis report. In Figures 4a to 4d, the frequency distributions of P^, a , M/QD, and 
P of the 125 spednens are sboMn with their failure siodes and astisiated grade of 
d&tilitiea. 



OlITLZHE OF TEST REStU/TS 

Failure node of Tested speeiaens 

The following will describe the Epical failure nodes that were observed during the 
tasting of these spednens: 

1) Shear failure prior to or after flexure yielding (Rotation of nodat S*ac, F*8Cr 

S-DT, r;-ST, F-STK This mode can be divided into shear tension failure including 

diagonal shear tension failure and shear compression failure. 

2} Bond split failure prior' to or after flexure yielding (B>B, F-B} . 

3) Conpression fsilure of concrete after flexure tanaila yielding with or without 
compression steel budding (F, F*C, F'C'B^) . 

Classification of Ductilities 

Mhen discussing the defleetion abilities of stcuetural naabers, tha critical angle of 
rotation of the members or the eritieal defleetiea la called tiie dtietility and ia aaad aa 
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In this report, tast results were classified by tiw duetiUtlei, as dsflnsd ia 

Table 4. 

ftiletionship Between Feilure Modes snd Estimsfd Ductilities 

The test results of 125 specimens were classified by their failure modes, estimated 
ductilities, and their interrelationships and frequencies, as shown in Figures 5a and 5b. 
observed in tiiese figures, the Mst ductile failure node is Qpe F*C folloved hg type 

SC. 

Many specimcna failed in tJie type ST mode and type B node, which indicated poor duc- 
tilities. Accordingly, one o£ the most important subjects then is to detenaine how to 
prevent such brittle failures as revealed by failure node tjfput SC, ST, and B. 

"Sh* resulting sbear force-defleotieo relet ionsbips, orsicfclng pettsms, and deterlecsr 
tions of tbe load'-earrylng capacity of typical spaelmns are sbown la Figures 6, 7, and B. . 



Steel Buckling 

Buck liny of tho comproasi vj roxufor c<_'ir>irit wa^; obsorved during testing of 32 specimens 
and failed in type F*C mode. Ten of the specimens buckled with a ductility factor equal 
to 3^4, and tditts caused deterioration of the load^bearing capacity, the test results of 
these speelasns indieste the fallairijigi 

1) The length of steel which buckled, ij^, was approx-, mate ly 12 tines the spacing 
of the web zeinforcement, S. In the case of spiral hoops and welded square 
beopSf was nearly equal to S. 

2) the slendemess ratio, \, was calculated for each specinen assuming ■ 8. 

Tho relationship between ar.d the angle of rotation of tho nenber at the 
buckling load was determined relative to those specimens which did not 
fail in bond or Hhear. These results indicate that when X ^ 34, the buck- 
ling load Ran ■ -i— hoNewr, when X is less thsn 34« steel buckling did 
^ 100 SO 

not eonesnee until fairly large dsfianuitlons eoouzred. 

3) Thus, when X ^ 34, the web reinforoemnt spacing S ^ irtiere # is tbe dian- 
eter of the conpression bar. 

4) In conclusion then, the spacing of web reinfbrccmient at a column end should be 
less than eight times the diameter of the axial bar reinforeenent. 

Discussion on Shear Failure Mode 

During the testing of the specimens, 41 failed in shear prior to or after flexure 
yielding. Bineteea of the 41 speoisMns failed la sbear oosipreBslon, tea of the speeiasos 
failed due to diagonal «hear tsnsion and tuslve failed in shear tension. 

Consideration of the Use of Arsikaira's Fbmila 

Ms there srs no quantitative equations tdtidb relate tbe ductility of aMsfears to 

the web reinforcement ratio, the failure mode considering Arakawa's fonnula was used. 
This equation was adopted as the basis for calculating the web reinforcement in the 



The relationship betveen the observed ductility «xd the ratio of ealeolated 
shear strength, oQj^, was studied in relationship to the calculated flex;ire strengtJi, 
oQgg. The focauiiasthat were used to calculate cQj^y^ and cQ^^ are given as BquatioBS 



DISCUSSION ON TEST SBSOLTS 
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(1) and (2) . All of the test rasttlts, with th« •xosption of 52 •peeinens which 
fallad dam to bond-aplittin^, Arc shown In Figure 9. tm observed from this figure, 
the estlnated ductility in which cQ;^f^/cQB0 is greater than one are for cases A or 

B. When the ratios are less than one, the estinated ductility results are referenced 
to cases C or 0. It should also be noted that as t ^^^ increases, the ductility tends 
to be o oB B poor. 

/ 0.0754 P^'^hi (e°9 + 180) ^ 

- \— + 2.7 • sP^ J X Ibd (1) 

M/Q + 0.12 » 

wbexe 

- 0.eo(d - 21.5 em), 0.72 (d 43 em) 

<«BU = '*t.8.,.9 * - ^ ^ <2) 

Diagonal lerislcri iail'jxe 

Initially^ the diagcT.al tension cracking load, Qpp^, was investigated. Thus, 
theoretical Lm^ value ( -^ j^.p,-' was obtained by assmdng the principal tensile stress 

equal to l.S'c^. This stress was calculated at the center of the section, neglect- 
ing the appearance o£ other cracics, and the influence of the axial bars. This re- 
•mts in the follcwiogi 

oQnpc - ^ bD 1^1 + Oq/g"^ (3) 
1.5 

The ratio of test variable (TQjyj^) , to the calculated values (cQqic^ ^'^'^ spe- 

- - - - - ,66 to l.I- ' ' 



I, in which diagonal tension eradcs appeared, varied fron 0.66 to 1.13 witii an 
averaige value of 0.87: 

Next, the critical web reinforcement, ^^wotc' ' calculated by assuming tlio 

web reinforoenent carries the diagonal tension, which was initially carried by the 
oonerete before tiie appearanoe of the eradc. This results in the following: 

*WDTC 2 d — ^ ' 

cos o • s wy 

¥1100X9 

The values of (Pw/^wnrc' ^'^^max/'^Giyrc) excluding those test specimens which 

failed to hond-splittlng have been plotted, as shown in Figure 10. The terns 
TQ_-^ i«M 9y, represent the tested maxinun shear strengths and the web reinforcement 

ratio, /respectively. 

I 

It can be observed from this figure that the specimens, which have a value of 
TQ„, greater than 0 . 8 times 4*=fii)ic^ ^*'w^ '''wbpc^ ' * diagonal 

tMsion failure mode. 

shear Tension Failure 

The initial shear tension cracMing load, (SgTc' ' tirst examined. The theo- 

-'bTQ.' ---culated bv usina tl 

rived assuming the follotfingt 



retical value (cQ^^g) was calculated by using the following formnla, trttich was de- 
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- VD < 0*75 + 0.283 



i 0.75 + 0.283 



®2STC ■ - 1-04 Ai + /(0.78 - 1.04 A^)^ + 0.694 Jt^^ )cP^ bO (Sb) 

The ratios of (TQ^) to (cC -.j.-.) tor 11? of li.e test tiiiccirncns in which shnr 
tension cracka appeared varied from 0.62 to 1.59 with an average value of 0.91. 

The second critical web relnforoenent ratio, (P^ ), which is required to have 
the specimuu raadh flaxure strength after the appeariSea of a shear tanaioa crack, 
was dataxBlnad fron the follcwings 

ST . 

- iJliSl i di - — ^ (6a) 

* D * 0.85 <#»B 

The values of (P^yP,, _) vs. (TQ^j^jj/cQg^^) , excluding those test values which 
id dua to bond-spIlttfSg, are plotted la Flgara 11. 



where 



failed 

Ml shown In this figure, tliera axe many spaelMns which have valtiee of (^'(^x' 
greater than (cQgip^) . It is also observed that the specin»ens with a value of (TQ^^) 
greater than 0.8 cQctt <l^onstrated a shear- tension failure mode when (P^} was less 
titan (f„ ), 

shear Oowpteeeien Failure 

Because shear ccMpression failure is prlnarily caused by crushing of the concrete 

in the compression zr.nf, i >-. is reasonable to «:?.surnft that there is a limiting degree 
of ductility that can be expected, even if the quantity ot web reinforcement is in- 
creased. The determination of this limitation is difficult to evaluate and was not 
possible in this report. However, certain trends have been established as will now 
be described. 

To achieve reason.able ductility, it is r.eces&ary to iriaincain the intensity of 
the axial stresses at c;:e appropriate level. In general, Uie influence of the shear 

stress on ductility is not in^rtamt. Therefore, the distance from the neutral axis 
to the extreme cotiipreesive flb«r, x„, een be detemlned hy neglecting tite conf^MSSion 
reinCDrosnuit in tlie conipxeesion zone and asauvlng tiw ratio ^ tensile principal . 
■tzaas to eooarata tensile strength, (o^/cPt) la oaloolatad assuaing that all of shmr 
fOree is carried only by the concrete in the oenpxeaslon sons at the crlticatl section/ 
thus, 

y M ♦ at • 8°* 

Xn « 3 (7a) 

^ ^ o.as . .^B . bO 

0^ - - 0.425 e*'^ + / (0.425 + t"^ (7b) 

where 

T - (7C) 
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The third critical web reitiforcemer.i ratio, 1^%/-) t calculated by tliA ao-eallad 
tnws-an*logyr which xb used as one of the shear etzangth theories for beans. 

T«nax 
b • j • s wy 

wbece 

i = 0,875 d 

The values of (a^/c°^) . x,^ , excluding those 52 teat specinens exbUbltlng bOOdK 
split failures, were then plotted as shown in Figure 12. 

As observed in this figure, many of the specimens which satisfy the following 
liadtatlon shOMed good ductility even though may be leas than or greater than P^. 

a. X 



'J. 



6 Jl < 3 (8) 



Using these results, the value corresponding to the left side of Equation (8) was 
calculated for each speciiaen. Relationship between the above value and (P^/P^^ ) are 

shown in Figure I 'i. Cle arly shown on this f i qur-; are tr.r- ^nnep of the she. ar-tinsiOH 

failure modes, the shear-coinpression failure modes, and the flexure-compression fail- 



If a design control, as given by Equation (8) , can be refined through mora rig- 
orous tests and study, it may be possible to provide a liiriitation on the effective 
web reinforcement ratio and a combination of P^, o , and M/QO within which the web 
reiaforoenent is not effective. ^ 

Bc^j.d-^p,^ ttlncj l-'aili-U'a 

A distinguishing feature of the experimental results was the presence of bond-split- 
ting failures of various test specimens. This type of fj.il.irs mode occurred in 52 Speci- 
mens and was observed in those specimens which had high tensile reinforcement ratios. The 
tansila eainforosDBnt ratio (FJ was 0.95% £or 47 speclneas and 46 speciaens showed this 
tirpe of failure nde. 

For those specimens which failed in this mode, a small inclined crack firKt appuarod 
at the position of the tensile bar close to the end of the so-called shear crack. As the 
number of cyclic leadings inereasad or as the bericental deflection increased, similar 
eradcs progressed In number near the center o£ the specimen, spalling of the concrete 
cover then connenced and the shear capacity of the specimen decreased. Thus, this initial 
small inclined crack, called a bond-splitting crack, was considered to be the triggering 
Bvechemism fax this type of failure mode . 

fhe ^ear force and bond stress at a point on the tensile bar at a distance "d" of 
the meaber, %Aiere die shear force corre^oads to this initial crack, (cQ } , nag be cb- 
tained by Setting the principal tensile stress equal to (c*'^), as caused the bending 

- c't . B * ./ e^t^ . ♦ 4C»(cgt'« ♦ . o^) 

CQ^ - <kg) <9) 



wnere 



f, . 1 ^ 6.1(D>dt - dt^) 

1.75 n* • b' • d le b>D3 

21e 
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b - ho 

b' = Minimun value as giver, by Iz^^ at - iji^) and 
n* • Number of tensile reinforcement bars 

i^i ■ Dianwter of the tensile xeinforoement and the sametion, 

respectively 

I, Xe B Moment of inertia with and without the effect of the barSf 
respectively 

Cooparlsoo of the calctilated to the test results, (TQ^^) , are shown In Figure 14. As 

shown in this figure, (Tf^^-,; generally is groat'_>r tlian (M/yL') and (P^) decrease 

and as (a^) increases. Uowovor, the influence of the web reinforcement ratio cannot be 
perceived. 

Next, the ratio of (cQgu/cQBo' ratio of /r^^) for all of tiie test re- 

sults are plotted in Figure 15 in accordance to their failure mode and ductility. The 
terms, F^ax ^al' represent the maximum test results of the mean bond stress and the 
allowable bond stress in accordance with the A.I.J. (Architectural Institute of Japan) 
code. As shown in this figure » the value cf (cQ^/c(^0 has a greater influsDoe on the 
bond-splitting failure node than does l^nuix'^al' 

Figure 16 shows the relationship between the value of estimated due- 

till^ of tbe specimens, uhi^ had failed due to bond-splitting. 

As shown in this figure, their ductilities cannot be ijnp^xtved, even if the web rein- 
forcement ig incr?-as-'i . Hrwevnr, in rhose specimens where (r ^) is greater than 270 kg/cm' 
and when (cOgy) i-' le^^ Uian 1 . -1 tintiL-i fcQ^p) and (r-^) and is approximately equal to {P^ i, 
qood ductility be nlrjcrvLvi. It is furth-jr prasumed from their cracking patterns tfaaS 

the confinement of the concrete within the core of the qpiral hoops is effective. 



CONCLUSIOK 

Multi-cycle f Icxure-ahear tests were conducted on 125 short colum specimens; the 
follOHing itaais relative to tiielr ductill^ tiere cbservedt 

a) ihe factors ithidb oontxol ductility of a stvuotural ooltasn inoluda not only 
shear, but also bond and budding of the coi^x^ssion bar. 

b) To prevent oonpression reinforcement from buckling at small curvature, the 
spacing of the web reinforcement should be less than eight tines ttie diast- 
eter of the axial reinforcement. 

c) Examination of the bond stress is not an effective mean:-? for preventing tncm- 
bars from developing a bond-split fai^^ure. tlowc-vr-r, it is effective in keep- 
ing the flexure capacity within 1.4 times the initial bond-splitting craclung 
leadr as given by Equation (B) . Increasing the nuMber of reetangu^av^rpe 
hoops is not as effective in preventing bond-splitting failure as is naing 
more spiral hoops. 

d) When the flexure capacity is more than 0.8 times the diagonal tension cracking 
load, as given by Equation (3) , an off active means in preventing members from 
developing a diagonal tension failure is to place nore web reinforcement than 
la indicated by Equation (4) . 

e} When the flexure capacity is ntora than about 0.8 tines the shear tension crack- 
ing load, calculated by Equation (5) , it is effective to place more nab rain- 
forcemnt that is indicated by aquation (6) . 

f) Thert-- is n linitir.q luridnatian of {T ^) . ^) , and 'H/QT:) '^'here the shear com- 
pression failure cannoc be avoided, avi'ii with an increase in web reinforcement. 
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This linvlting combination Is not apparent, however, Equation (8) can be con- 
aidand to b« ana audi control. Mhatk • oonbinatioa of IV^) , ioji, and (M/QO) 
of tfa« Specimens satisfy Equation (B) and whoi tP^) Is greater than (P^-) > aa 

shown in Equation (71), good ductility should be achiovrd. Howavar« thira ia 
a possibility that the value of i^^m) may decrease the ductity. 
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ADDXTIOIUU. REMARKS 

Tba folIoMing analytical stiidiaa vlll ba cxmdnetad tay fha eoaaittaa anfl authors, tha rasalta 
of utaleli will ba prasantad In tha near futurat 

.1. Influence of scale effect, loadlog ayatfloi and loading aKCoralon on the duotili^ 
of structural nanbara. 

2. Qudntif icaticn of tha rational wab rainforcsaant ratio to oauaa atroetnral naabara 

to be ductile, 

3. Pursuit of a structural device in preventing the menbers having split-bond failure. 

4. Bstiaiatlm of hyataraeia daaping of the teat reaitlta. 

5. A method for estimctting the seismic propttftlaa Of tha Mtfbara by uaing tha raaalts 
of certain static cyclic loading tests. 



I 



lV-26 



Digui^uo Ly Google 



TABLE 1 LIST OF FACTORS COMMON TO SPECIMENS 
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FI6. 1 LOADING PROCEDURE USED TN ALL SPECIMENS 




FIG. 2 e.R.I.-nPE LOADING APPARATUS 
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TABLE 2 LIST OF SPECIMENS BEL0N6 TO A miCAL SERIES 
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FIG. 3 AN EXAHPLE OF SPECIMEN DETAILS (In mil) 
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TABLE 3 LIST OF TEST SERIES 
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FIG. 4 FREQUENCY DISTRIBUTION OF <'o. rt/OO, and Pw 
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TABLE 4 CLASSIFIED DUCTILITY 
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FIG. 5 CLASSIFICATION OF TEST RESULTS BY DUCTILin AND FAILURE MODE 
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LM2-1B Type CRACKING PATTERNS 



LM2-6A Type CRACKING PATTERNS 
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FIG. 7 CRACKING PATTLRNS OF TYPICAL SPECIMENS 
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FIG. 8 DETERIORATION OF SHEAR CAPACITY BY CYCLIC LOADING ON TYPICAL SPECIMEN 
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FIG. 9 DISCUSSION OF DUCTILITY BY ARAKAWA'S EQUATION 
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NaNLIHS&R JUtALYSIS (»- A GUVBD TCMBR 



by 



S.K. Takahashi 
Research Structural En9inear 

W.A. Shaw, Ph.D. 
Read, Civil Bnginearing Oepartnent 



Civil Bngitwering Laboratory 
Naval Oonstruction Battalloa Oantar 
Port HuMMom^ Calif osnla 



The Civil Engineering Laboratory has performed an analysis of a tower at 
a Naval oommunication facility. The tower is about 600 feet high and is guyed 
r.t three levels. The upper guy level contains twelve wires; the middle and lower 
guy levels have three wires each. The guy wires had nuaerous large electrical 
Insulators attadhed, eaeb weiring 510 pounds. 

A nonlinear finite element analysis of the guyed tcwer was conducted. Sep- 
arate finite elements were used for portions of the tower and the guy wires were 
modeled with a truss element. Deflections, forces, and stresses in the tower and 
guy i«iz«s were deteanined finm dead load and an equivalent static wind load corre- 
sponding to 90 niles per hour. 

Uii^envalue solutions were obtained for the first five mode shapes and natural 
frequencies of one of the top guy wires; the guy wire had concentrated masses at 
£ivs different locations and was initially prestressed. 

Itey NOrds: Finite element; guyed t xr; n-rv.ctural analysis; Structural 
engineering, vibration analysis, wisid load. 
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OBJBCTIVB 



Ttie objective of this paper is to present results of a structural emalysis of a 600- 
foot tall radio tower wfiich is quyed at three levels; the analysis was conducted using a 
three-dimensional nonlinear computer program. The tower was idealized as a vertical con- 
tinuous team supported at three elevations by guy wires, ir. the analyslBi the tower and 
giq^t i«ere subjected to gravis loads and equivalent wind loads eoKresponding to a borisoD' 
tal wind speed of 90 miles per hour. 

The frse vibration analysis of one of the top guy wires with concentrated vertical 
loads (insulators) and initial tension in the wire was also performed. 



BACKGBOOHD 

The U.S. Navy has numerous tall guyed towers for radio communication located through- 
out the world. Many of tiiese towers ware designed and constructed over ten years ago* 
These towers are often sdbjeeted to hi^ winds i tihe aeoanpanying vibrations of tlia towers 

and quy wirii-s havo , at timf?<^, resultfid in damage to non-Rtructural elorrientS Wndh aS beaOOR 
lights and copper strafes whicl^ attach thu electrical wires to tiie tower. 

Concern has been ejqpressed about the structural Integrity of these towers from the 
standpoints of injuries to personnel, dsnage to aquipnent, and inability to carry out 'tiia 
assigned defense uLssien. 

There have been several significant failures ot tall towers in the United states during 
1973. A 1600-foot television tower ooll^sed aiKl killed two men near Tampaf Florida in 
June (1)*} the failure of this tower was attxibuted to loosening ^e wrong bolts during 
■odifioation of the tower. In October, a 2000-f6ot television toirer fell in Cedar Rapids, 
Iowa and killed five men (2); this failure may have been caused by deterioration of a guy 
wire at the 500-foot level. A third tower collapsed near Des Moines, Iowa in Decemberj 
the failure of this 1882-foot television tower was caused by severe ice and wind loadings 
(3). 

The d.s. Navy believed It desirable to re-analyse some of the towers in Its conrnunloa- 

tion system. The Civil Engineering Laboratory, Naval Construction nattalion Center, Port 
Hueneiaft, California has devoted some effort to this task. A nonlinear computer program 
has been used in the analyses. This pa^r diseussas the analysis of cm of thasa toMars. 

Hie analytical invastigation was sponsored by the Naval Faeilltias Bnginaarlng Oov 



DSSCRXPTION <X TOWER 

Two 600-foot gvyed towers have teen in operation at one of tte Naval cemiunication 

facilities for more than ten years. A photograph of one of these towers Is shown in Fig- 
are 1. soscc- of the components ot this tower are shown in Figure 2. This tower has three 
levels ot 9uy wires; the two lower levels have three guy wires each and the top lev<dl has 
■twelve guy wires. An alanration sketch of this tower is shown in FigUCa 3. Insulators ara 
located in the guy wires as abown in this figure; each circle represents one insulator 
which weighs 510 pounds. Insulatocs ara on aadt wire although tiiay ara ahoMn only on qimi 
sida in Figure 3. Figure 4 sAiows the nuntoarlng systan of the gvqr wires. 

The guy cables are pre-stretched, nultiple strand, zinc-coated Bridge rope with wire 
strand cores. Table 1 provides infoxsiatlon on the diameter, minimum breaking strength, 
and initial tension for the guy wires. (Ihe last two columns in this table will te dis- 
cussed later in this paper.) Ficrire 5 .shows the location of attacrhn^cnt of the guy wires 
and defines terms used in this paper. The modulus of elasticity of the guy wires is 19,000 
Kei and ta>a allowable stress is 64 ksi. 

*Munt)ers refer to references givui at tte and of tiia paper. 
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The main le^B Of the towax are extra strong round steel pipes. Froca the base up to 
nods 3, 8-inch rovnd pip* w«» uaad; e-inch round pip« was placed betmen Dodes 3 and Si 
tiw top portlm of the to«wr had 4»inch round pipe. The cross-sectional area and montent 

of inertia of these pipe section- are tabulated in Table 2. The main tower legs are spaced 
nine feet apart and are braced with horizontal angle sections <uad diagonal tension rods, 
as riiown in Plgore 6. 



FORCES our THE TOMER 

Loads on a guyed tower result frow dead load of the tower members and guy wires, 
initial tension in the guy wires, wind load, and ioe load. The tower under oonsideration 
is located in an area where ice loads are not a problaa. 

Dead Load of Tower Meinbers and Gqy Wires 

The total gravity weight of the angle irons, tensile rods, gusset plates, bolts, 
ladderr and platforas is approxinetely 100 Ib./ft. of height. The total weight of the 
three legs and the ether m»ilbers is calculated asi 

Diaiwter of Pipe Weight Height of Three Legs Total Weight 
section (in.) (lb/ft) (Ib/ ft) (lb/ft) 

Top S 20. 7B 62 162 

Middle 6 28.57 06 186 

Bottom 8 43.39 130 230 



As shown in Fijurei 1 and 3, the guy wires carry numerous insulators that weigh 510 
pounds each. To sic^plify the analysis, it was dacidad to represent the actual guy wire 
and tiw insulators by a guy wire equivalent weight and diameter so that the length of this 
guy wire is equal to the length of the actual guy wire (4) . This equlTalent guy wire pro- 
cedure is useful where only cable end reactions, spring constwts, and "w**—™ cable ten- 
sions are of interest. A ior^-puter program h.i-r.t'd on Reference 4 has been used and the re- 
sulting equivalent properties of the guy wires are as follows s 



Guy Level 


Equivalent 

Diameter 
(in.) 


Equivalent 

Weight 
(lb/ft) 


Actual Metallic 
Area (In.^) 


Top 


1.531 


7.760 


0.. 361 


Middle 


1.921 


7.510 


1.270 


Bottom 


1.879 


7.710 


i.oao 



Initial Tenaien in Guv wires 

The initial tennion at ambient temperature for the top, middle, and ICMier levels of 
guy wires is 7.52 kips, 23.20 kips, and 31.04 kips, respectively. 

Mind Load 

The wind is assumed to be blowing perpendicular to one of the flat facer ,f th.j to. -••jr. 
For a typical 14- foot height of panel section, the wind surface area of the flat face of 
the emgle IrOBS and tension rods is approximat«ly 0.445 sq. ft. per foot Of height. The 
wind surface areas of the pipe legs are as follows t 
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Section 


Outside 
Diameter 

(in.) 


surface Areas 

of Two Pipes 
(sq ft/ft) 


Total AMa Tines 

shape Factor 
(sq ft/ft) 


Top 


5.563 


0.927 


2.42S 


Middle 


6. 625 


1.104 


2.695 


Botton 


8.625 


1.438 


3.205 



*Shape Factor for Plat Kaiifeers ■» 2;28 



Sbape Factor for cylindrical Meabera - 2/3 x 2.28 - 1.52 



The unifonily distritiuted lioricontal load, on tlie toner ae9nents !• obtained fxoai 

the fomvilat 

N - A X q 

where A is the projected area (Incltading the shape factor) per unit height and q ia the 
velocity wind pressure. 

The velocity wind pressure is obtained froak 

q - o.ooase v'c^ 

where V is tiie wind velocity of 90 nph and Gi, is the correction coefficient for height or 
(h/30)*''. 

Using the mid-height elevations of OJ0.2 ft., 376.6 ft., and 139.3 ft. for the sec- 
tions with the 5-, 6-, and 8-incb diameter pipes, respectively, the height correction fac- 
tors and resulting unifCrnly diatributad horiaontal load on the towar aactlons for a 90 
aph wind are as follows t 



Height Correction Velocity Pressure Unifons Horizontal 

Seotion Factor, Oh q (Itai) Load, II Ikjpa/ft) 

TCP 2.2B 0.0473 O.llS 

Middle 2.06 0.0427 0.115 

Botton 1.55 0.0321 0.103 



NONLTNEAR XMALTSIS OF GOYBO TONER 

The infortnation in the previous section was used as input data to a oonciuter progcan 
which idealizes a tower as a vertical continuous bean si^ported at the specified elevations 
by g\qf wires (5) . The assunptiona nsed in the progran are the foUowlngi 

1. !;ach tower sc-yM-nt Ig prismatic (i.e., the section tropertios defining re- 
sistance to oending aJaout either principal axis and axial, ;ihear, and tor- 
sional defomaticns are constant between tower node^ 

2. The oSble profile ia a parabola for all loading conditions* 

3. Anchorage cable tensions and total cable weight are known. 

4. Wind loads on the tower shaft are known and are uniform between towsr nodes. 
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5. Conc«ntratad forottB can be implied at tower nodss only. 



6. The guy %«ire8 are itnifomly loadted by the wind. 

7. The averaige wind velocity is the Benie tot ell guy wires. 

0. The wind ie blowing parallel to the ground. 

9. Lift aind drag coefficients for each guy wire are computed automatically using 
the foxaulaa given in Rafemnea 6. 

ihe printed ontput of the oooputer progran eontaias the following: 

1. All input data. 

2. Data checking parameters such as guy chord lengths, unstressed cable lengths, 
initial attacAi point cable tensione« etc. 

3. 616t>al translations and rotations of all towar nodes for e«c3i load ceee. 

4. Global trcuislations of all cable attach points. 

5. Shear* nonents, axial forces, end torques ecting on the ends of each tower 



6. Attach point and anchor point cable tensions and global coinponents of the 
cable reeultent forces. 

7. Tower base reactions. 

The computer pLoqram required six iterations before the solution converged. A sum- 
aery of the displacements at various locations of the tower is given in Teible 3. The oaxi- 
■HB displacement at the top of the tower was found to be 7.39 feetj this is more than 
twice the deflection* at the niddle level of the guy wires which indicates that the tap por- 
tion of the tower is quite flexible oooipBrBd to the bottom two portions of tbm bower. 

A tabulation of shear, axial force, and bending moment in the tower is presented in 
Table 4. The base shear of 6.0 kips is well below the 15 kips shear to which the base of 
tiie tower was tested, however, the axial force of 433 kips at t^e base of the tower is 
slightly greater than the 400 kips axial test load. The maximum moment of 2,154-foot kips 
occurred just above the middle guy level. Figure 7 9r^^phically shows the deflection, 
shear* exial force, end bending nonent in the tower. 

The exial coepsessive stressss in Uie aain eelums of the tower were con^ttted from 

the axial loads and bending moments given in Table 4. These stresses in the leeward 
column are summarized in T«ible 5. The highest stress of 47.8 ksi occurs at the intersec- 
tion of tJie 5- and 6-inct-. di ar.eter pipe sections and is caused by tiie larqe deflection at 
the top of the tower. High stresses of approximately 40 ksi also occur at the connecting 
point of the middle level oC 9uy wires. 

Table 6 sunuarizes the final tensions at the encher end and the attaehomt point to 

the column for all guy wires. Figure 4 shows the designation of the guy wire numbers. 
The allowable stress of 64 ksi was slightly exceeded at the attach point for guy wires 
8, 9, 17, and IB. The design working load for the gvy insulators was 76 kipsi the maxlmuw 
tension of 65.4 kips occurred in guy wires 4 and 6. 



A general nonlinear finite element computer program called NONSAP (Keference 7) was 
used to determine the natural f reqoHicies and mode shepes of one of tJie top level guy 



segment. 



FP-E^'LTHCV .yiALYSIi u;' GUY WIRE 
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wins. This wive Is pinned at both ends. Tlta ootaputer nodcl is represented by twel^ 

truss elements and thirteen nodal joints. Concentrated loads of 510 pounds each wore plac<»d 
at joints 2, 4, and 6; a cluster u£ six SiC-pound loads was placed at joint 8. initially, 
the defoniMd shape of the wire was determined considering only the gravity weight of the 
wirs And insxilators. This defonwd shape and initial tension in the giqr wire was used in 
the oompater pragrni to detsndne the natural flrequencles of tiie wire> the first five node 
shapes and natural f re-quencies arc shown in Figtiro 8. Except for t)ie first mode shape, 
the cluster of F.ix concentrated loads at Node S forces the cable to cross the initial posi- 
tion at t.his node for the rsiiainlng four node Avmi it is as if two seyparate cables twrs 
oscillating independently. 



A 600-foot high guyed tower lAiich was designed in 1960 was re-analyzed using a non- 
linear finits slsMat CQSVOter pzogron. Ills tower shaft was repressntad fay a serias of 

co-linear bean segments intorconnectad at tower nodes. The tower was analyzed for a wind 
velocity of 90 miles per hour iirposed on one of the flat faces of the triangular guyed 
tower. The analysis showed that a maxim-im deflection of 7.39 feet occurred at the top of 
the tower. The base shear force of 6.0 kips was considerably below the proof load of 15 
kiipSf tbs axial fores of 433 kips at the bass of tha insvlator^ howavar, was in oieeoas of 
the 400«klp proof load. Tha allowable guy wire stcaaa of S4 ksi was axecaded by four of 
the tswelve top guy wires by less than six percent and should not be of great concern. 

A frequency analysis of one of the top guy wires shows that mode shapes 2 through 5 
had a node at tiie location of the oluster of six insulators. 



1.. Engineering News Recocd, "OollsipBe of a Guyed 1,600-ft TV TOwer Kills Two WoKkerst" 
Juna 14, 1973. 

2. BngliMerlng Raws Ksoord, "2f000>ft. Tower PallSf Killing Five*" October U* 1973. 

3. Engineering Mews Rsoord, **Zae-laden, l«68^ft-his^ TV Towsr Collapses*" fisoaiAer 13, 



4. R.C. Morales, "Shear-Volume Method of Solving Tensions in Cables," ASCB, J. Structural 

Division Proceedings, 5718 STl, January 1968. 

5. F.E. Peterson, "Tower Analysis Program," Engineering Analysis Corporation, June 1973. 

6. W.S. Diehl, "Engineering Asrodynaades", Revised Bdltienr New Vork, 1936, p. 280. 

7. K.J. Bathe and F.E. Peterson, "Theoretical Basis for NCN.SA?, A Nonlinear Structural 
Analysis Program for static or Dynamic Analysis of Nonlihear Structural Systems 
Modeled with Finite Elements," by Bugiiieerlng Analysis Corporation for Civil Bngiaser- 
ing liaboratory, oct^er 1973. 
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Table 3. Sunmary of Tower Displacements 



1 

Tower Node 

No. 

1 


Displacement 

(ft) \ 


6 


7.39 


5 


3.37 


4 


3.04 


3 


1.20 


2 


0.95 


1 


0 



Table 4. Forces and Moments In Tower 



Segment 
No. 


Segment 
End 


Shear 
(kips) 


Axial Force 
(kips) 


Bending Moment 
(ft-klps) 


5 


Upper 


2.1 


160 


-160 




Lower 


17.4 


182 


1.807 


4 


Upper 


17.4 


182 


1.807 




Lower 


19.2 


185 


2,154 

1 


3 


Upper 


-19. 0 


279 


1,922 




Lcwer 


2.1 


313 


946 


2 


Upper 


2.1 


313 


946 




Lower 


6.7 


323 


1.219 


1 


Upper 


-18.9 


378 


1.142 




Lower 


6.0 


433 


0 
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Table 5. Stresses In LeeMsrd Column 



Segment 
No. 


Segment 
End 


Axial Stress 
(ksi) 


Bending Stress 
(ksi) 


Total Stress 
(ksi) 


5 


Upper 


8.78 


- 0.3 


8.5 


5 


Lower 


9.9 


37.9 


47.8 


4 


Upper 


7.2 


27.6 


34.8 


4 


Lower 


7.3 


32.9 


40.2 


3 


Upper 


11.1 


29.3 


40.4 


3 


Lower 


12.4 


14.4 


26.8 


2 


Upper 


8.2 


9.5 


17.7 


2 


Lower 


8.4 


12.3 


20.7 


1 


Upper 


9.9 


11.5 


21.4 


1 


Lower 


11.3 


0 


11.3 



a 




^ Direction of wind 
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Table 6. Guy Wire Forces and Stresses 





Attach Point to Colunn 


» 

Anchor Point 


Guy 

Humber 


Tension 

r ui 

(kips) 


Stress 


Percent of 


Tension 

r Vi wc 

(kips) 


Stress 


Percent of 

1/69 ^ M V99 


1 


49.1 


45.5 


71.1 


47.4 


43.9 


68.6 


2 


16.9 


15.7 


24.5 


14.9 


13.8 


21.6 


3 


49.1 


45.5 


71.1 


47.4 


43.9 


68.6 


4 


65.4 


51,5 


80.5 


62.3 


49.0 


76.6 


5 


2.8 


2.2 


3.4 


1.0 


0.8 


1.3 


6 


65.4 


51.5 


80.5 


62.3 


49.0 


76.6 


7 


22.5 


62.4 


97.5 


18.3 


50.8 


79.4 


8 


23.3 


64.3 


100.5 


19.1 


52.9 


82.7 


9 


24.4 


67.6 


105.6 


20.3 


56.2 


87.8 


10 


22.7 


63.0 


98.4 


18.3 


50.7 


79.2 


n 


16.8 


46.5 


72.7 


12.1 


33.4 

* 


52.2 


12 


9.0 


25.0 


39.1 


4.3 


11.8 


18.4 


13 


4.1 


11.5 


18.0 


1.1 


3.1 


4.8 


u 


9.0 


25.0 


39.1 


4.3 


11.8 


18.4 


15 


16.8 


46.5 


72.7 


12.1 


33.4 


52.2 


T6 


22.7 


63.0 


98.4 


18.3 


50.7 


79.2 


17 


24.4 


67.6 


105.6 


20.3 


56, Z 


87.8 


18 


23.3 


64.3 


100.5 


19.1 


52.9 


82.7 
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Figure 1. 600-ft high guyed tower at Dixon, CA. 
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ELEVATION SEGMENT 
(FT.) 

605.9 T 



474.6 
458.9 



278.6 
234.9 



NODE LOCATION OF NOM. PIPE 
No. GUY WIRES DIA OF 

COLUMN LEG 



5 
4 



3 
2 



1 



T 



5 INCHES 



6 INCHES 



8 INCHES 



pipe sizes 

Hgure 5. Definition of terms and location of guy wires and 
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A STMiSMD FOR THE STIUCninX. TmB&tXT* OP PABrABRXCATBO UNBL&XIIGS 



by 



Kiyoshi Nakano 
Kmui, Dr. Eng., Third Division 

Building Research Institute 
Ministry of ConstructicMi, Japan 

Nasaya Hirosawa 
Oiiaf Sasaardter, Third Division 

Building Research Institute 
Ministry of Construction, Japan 

Tatsuo Huxota 
Saoearch tosooiate. Third Division 

Buildiri'-j Pjosnai-'j). Institute 
Ministry of Construction, Japan 



Tn 1973, the Ministry of Constuction of Japan presented a standard for the 
performance of pref abri catHd housing. The purpose- of t±iis standard was to pro- 
vida consiuaers with an index for selecting their dwellings. The standards are 
ralataA to fl>e» bMt« sound, durabiU^, and atructoral safel? against eartli- 
qvakes, tiinds, snow, etc. 

The criteria for evaluating structural properties are outlimid m this 
paper, as well as the history and present status of prafabricated dwellings in 

Japan, h ^fpleal prafabrieatad structural systeai is shom in th« last section. 



lay Nordai Earthquake,- houniriq; performance specification; prefaiirlcated dMellings 

standards k structural design. 
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A HISTORICAL SKETCH Ol TllB PBEFABRI CATION OF EMELLXNGS lU JAPAN 
WD TUB PRBSBNT STATUS Or THBZR OONSTVCriON 

in 1945, jtwt after the Second World War, the nuaiber of hoosea required in Japan was 

4,2r'0 thousand units, which reprnccnt-jd ?0% of the total number of households at that time, 
ir. order to efficiently solve thi hc^jijiy sliOitdjo, t_he Ministry of Construction recogniced 
the necessity to industrialize dw'^lUng construction. Therefore, th-:' Huilding Research In- 
stitute initiated studies to develop a new systao of dwelling construction that would reduce 
the eanstmction cost, the tiiM required for oanBtruetion, and the labor fiiree. Tbm re- 
sults of these studies were reflected in the conetruetion of dMellinga svpervisad under 

public management. 

Since that period, restoration of buildings and structures have l>een required due to 
daoMige caused fay the Xsewaa Typhoon in 1959 r and a sabsequant building been due to an In- 
crease In business prosperity In i960. This has led to a shortage of oonstrxtction nater- 
ials and skilled laborers. At this time, the Ministry of Construction had decided to ac- 
celerate the industrialization of dwelling construction, and since 1961, introduced nass- 
produced i^stems into the construction of publicly managed dwellings. In 1962, in response 
to this policy, private enterprise has established the prefcdbricated Building Association. 

At the end of 1962 , 635 low-rise (one or taiD stories), nass^^rodueed dwellingB were 

constructed under public management and in 1965, the quantities of low-rise mass-produced 
dwellings accounted for one-third of all publicly managed dwellings constructed that year. 

In the latter half of the 1960's/ construction of prefabricated dwellings began to 
increase rapidly. This was because the denand for a greater nuidber of dNellings had oc- 
curred with a corresponding ir.crr.ise in the standard of living. This demand, therefore, 
was characterized not by the ^iturtage of the number of dwellings (the shortage in nui&bers 
was solved in 1963), but for an increase in a higher standard of house. Figure 1(a) shows 
the increase in the number of prefabricated dwellingst constructed each year, during 1966 
thrott^i 1972. Figure 1(b) shows tt« percentage of tiie total number of dwellings constructed 
in the c.'.me period. Accrrdirjcj 'ro tlicc,-. f-qurc-f. , the number of prefat r i catod dwellings con- 
structed in 1972 exceeded 200 thousand, which was more than 10% of the total dwellings con- 
structed. 

The details of the prefabricated dwellings eonstnieted in tlie ssm period is shom 
In Figure 2. The ratio of the low-rise dwellings to those of more than three stories was 
7S to 22 in 1966; this ratio then becam 61 to 39 in 1972. Hie increase in the construc- 
tion of high-rise dwellings is due to the rising value of land, which is estlsiated to con- 
tinue in the future. 

Single- or two-stozy prefabricated dwellings are divided into three t^as, according 
to tite material used in the main parte of the structures, i.e., wooden type, steel type, 

and concretf- typo. The low-ti'jc vjrf:f ntn i -cated dvellinqs constructfid in 1372 canaistod of 
the follwoing percentages i S2.4% were of the steel type, 36.4% were of the wooden type, 
snd 11.3% of tiM ocncrete tg^e. 

As mattf as 100 fims are presently producing these low^risa dHsllings of sore than 
1,000 plan types, however, some of these have not^le defects. 

In 1973, the Minii'-r y jl Coi.'^ Lructicjn developed d r et forir^ncc standard for low-rise 
prefabricated dwellings in order to provide oonsusvers with a criteria in selecting their 
dwellings. According to this regulation, the Minister of Oanstruetloa stipulates tba per- 
for—nces relative to firs, beat, sound, durability, and stxuetural safetgf, and notifies 
tiie eonauaers of these perfermaneea with the exception of structural safety. 

In the following section, an outline of the criteria, relative to how the structural 
performenoe was evaluated, will be described. 
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CRXTBRIA FOR THE £7vALUATlOH OF THE jr.'KUCTURM, FBHrOIMAMCI 
OF PIi£FABRia^T£D UWELU^KSS 

Tt\'2 establishment of a criteria for prefabricated iiwi=''! 1 : >iq syst-jis first r^Tquirf^r. oae 
to satisfy the structural performances specified by wic Buildinj Cr^du Jay^n and tlie 
Specifications of the Architectural Institute of Japan. In jddj^tion to satisfyitiq ti-icsa 
basic requirements, the criteria must include the specifications peculiar to dwellinjij 
audi as flexibility of partitions » rigidity of floors r ate. Also the smilttation of tiie 
aselsmicity of reinforced-concrete dwellings, utilizing a new method based on th* earthquake 
energy absorpotion capacity of the structure, has been adopted. 

The criteria will be referenced to the following two areast 

1) Structural Design Philosptihy 

2) Detail of Structure 



STBOCTOIUa. DESIGN PHILOSOPHY 

The structural design philosophy relative to dead and live loads, earthquakes, winds, 
and snow at\ist be clear and reasonable. Complex aitd/or unreasonable structural plans and 
elevations will not be governed by Idiese design criteria. If the structural elements are 
arranged to resist horizontal loads^ such as bracings and shear walls, they nust be in- 
spected into detail. If the structural eyaten has wall panels whidt resist horisontal 
loads (this system will be called a "load-bearing wall panel system"), the maximum distance 
between two adjacent lines of walls positioned in the same direction shall be less than 
7.5 m and at least one load-bearing wall panel, which has a minimum width of 80 cm, shall 
be placed at every corner of the exterior wall lines. If the housing structure is made 
of precast concrete panels r in addition to the abova-mntioned regulations # tiie follflwing 
requirements relative to seismic diaracteristies shall be verified by calculation or eat- 

petiment . 

a) In case of verification by calculation 

The coefficient of tho horisontal load-carrying capaicityr shoim In Equation 

(1) shall not be less than 0.5. 

S » ki • • • Sg (1) 

where 

Kjl^ « Coefficient baaed on tiie arrangement of the tmll pannls in 
plan and elevation, (0.7 1.0) 

k. ■ Coefficient of the horisontal rigidly of the floor, 
(0.7 1.0) 

- Coefficient Cor the difficult of construction, (0.8 1.0) 

— The standard seismic strength coefficient, the smallest of 
the values obtained from Sb in Equation (2) or in Equa- 
tion (3). ^ 

The shear strength coefficient, Sg^, shall be calculated by using Equation (2), 

■ "^fc • V • ^bj • M • 

where 

= Coefficient assoeiated with the wall panel strength of oon- 
crete, (0.2 l.l) 
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(2) 
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k_. ■ Coefficient of the alwwr nlnforcenant ratio of the wall 

*^ panel, (0.9 1.4) 

k^a = Coefficient corresponding to the shear strength of the 
horlBontal joint, (0.«'^ 1.0) 

> Goeffioiont txiEreiponding to shear strength of the veartical 
•* joint, (0.6 I* 1.0) 

■ Coefficient of the standard hoxlaontal load-oazrying capacity 
defined by 10 

■ Total cross-sectional area of the shear walls in one direction 
I>er unit floor area of the first story, (cin.^/cjn. ^) 

w « Total weight of the house per unit floor area at the first 
stoxy (kg. /cm.*) 

10 - Assumed value of the standard unit of strength of the shear 
wall, (kg./cB.^) 

The flexiaml stxengtii ooefficient, 8^, shall be caloolated by using .action (3), 



S„ (3) 



= « • » • St • ''d -w 
where 

a - Coefficient eorsa^oadiag to titia rainforeaawnt affect of tlie 

walls pexpendieular to the dizeotion under exaaination, (1.0 1.4) 

B - Coefficient corresponding to tiM Clesuml Strength of the 

collar beans (1.0 1.5} 

kp^ • Coefficient oorreqponding to the bending reinforoenent and 

andiorage of the eliaar walls 

■ Coefficient corresponding to the ductililgf, (1.0 or 1.5} 
b) In oese off verification by experiment 



i) The test spccimc-n shall be a full-^eale tMo» or three«-diaansional structure 

fixed rigidly to the basement. 

11) The loading shall be cyclic and shall be controlled by horizontal deflection. 
llMre will be four leading stages with tJiree cycles of loading for every 

stage. The various stages will consist of 1, 2, 3, and 4 titnes the deflec- 
tion that occurs due to the design horizontal load and the deflections which 
correspond to the rotation angles of 1/22, 1/100, s»d 1/SO. After the eyollC 
loads, this specioien shall be loaded to collapse. 

Ill) The followiag requirement dtall also be satisfied. 

Critical Condition Required Value of "S" 

A. Condition when severe structural 

is obssrved Not less than 0.4 



B. Qltimate Condition Hot less than 0.6 

The coefficient "S" may be calculated by using the following equation, 
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where kj^, are the variables as defined for Equation (1), 

I PA 

P ia aa daflnad in the following tabla (■•• Figure 3) 



Cri tical 
Condition 


K 


B 


P 


80% of P^, which is the 
maximum load observed 
before the specimen 
reachas condition A 


80% of 



If is th6 total weight of tt» apaelnan, including live load 
V is ?/« 



DBZUKS ae snwouitB 

A. Load-bmrlng Wall Panels 

The hel^t of load-bearing wall panels shall be less than three t:iiiies the width. The 
Btxuetaral perfomancs of the wall panels shall be chedced hy the following «»p»elumts 
specified in the Japanese Industrial Standard CTZS 1414. 

i> In-plane Shearing Test 

ii) Eccentric Loading Test 

iii) Bwiding Test 

iv) Iqpact Test 

in the case of steel stnietores, tiie design shearing force of the load-bearing wall 

panels lihall not exceed 2/3 of the maximum shearing force, as obtained from the above shear- 
test, in addition, the shearing test results shall satisfy the followingt 

i) The horizontal di^lacement at the top of the panel, when the design shearing 
force is «Qiplied, shall not exceed 1/150 of the panel height. 

ii) When the horizontal displacement at the top of the panel becomes three tines the 
d: lacerient due to the design shearing force, the panel shall be Sble tO resiSt 
a shearing force equal to 5/4 times the design shearing force. 

iii) Pailure or large local deformations shall not occur on the surface of the clad- 
ding at a ninianm horizontal displacement of 1/150 of the panel height. 

B. other Wall Panels 

The same type of tests, as described above, shall be perfomsd for otiter wall panels, 
Zn the in-plane shearing test, failure or large local defonBations shall not occur until 
the horiaontal diQ>laeem8nt at the top of the panel equals 1/100 of the penel height. 
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C. Floors and B< 



Floors and beams shall nair.tair. sufficient safety against dead and live loads. Verti- 
cal dL- flection shall not exe«ed 10 nm. nor 1/300 of the span. Failure or large local da- 
formations shall not occur on tha surfaca of tba flooxs Khan a locally eonoentratad load 
of ISO kg magnitude is lypplied at any point. 

D. RDofa 

The vertical disfplaoenent of roof a r due to snow loadar shall not axoaad 1/200 of tiia 

span. 

steel or wooden roofs shall be safe against wind loads. Deflection of the eaves when 
subjected to a distributed load of 240 kg./ia.^ shall not exceed 1/100 of the spray length 
and the eaves sliall not fail under a distributed lead of 360 kg./in.'. 

B* Horisontal Plane Stractures 

Horizontal plane structures such as roofs and floors shall be rigid enough to transmit 
shearing forces to colunns or walls. It is, therefore, necessary to provide faoriaontal 
bracings or to rigidly connect the roof or floor panels. 

F. Ooluns 

The coluinn Glc-nderi.eSL; ra'^io of cteol structure's shall not cxceod 200. The- buckling 

length of a column shall be taken as its total length. Colunuis which consist of vertical 
ribs of wall panels and are connected to each other by bolts, tbe slendemsaa rstio shall 
be estimated from the loading test, as specified in JI8 A 3304. The bearing ei^aci^ shall 

also be confirmed by full-scale tests. 

G. Foundations 

Foundations shall transmit external forces safely to the ground and xasist overtuxnlng 
and differential settlenant of the dwellings. 



AN EXAMPLE OF INDUSTRIALIZED HOUSING STRUCTURE 

(A Nedium-sised Concrete Panel System) 

As described in the first section, mass-production of industrialized housing in Japan 
started in the 1960's. During this period, the industrialized house was primarily con- 
structed of prefabricated reinforced concrete psmels. They were called "mass-produced pub- 
licly managed dwelling type''r because they were adcpted as publicly managed bouses, class- 
ification of the oursent industrialized houses of reinforced concrete structures are shown 
in Table 1. The moat pr-ivalGnt systen at present is a nedlum-sized concrete panel system 
listed as Type "A" in the table. This syteir, was developed by iT>proving on the above-men- 
tioned "mass-produced publicly managed dwelling type", eund is now ono of the most typical 
industrialized bouses in Japan. In this section an outline of this type of nedium-sized 
oonorete panel system will be described relative to the stmctuze. 

OOZUliB CP THB STHDCnniMr SYSTEN 

MediuB-eised eonerate panel systems consist of precast wall pamls and floor panels 
tdtich are oonneoted to each other by bolts. !nie wall panels are surrounded 1^ framing 
ribs and are itbout 250 m in height, sbout 90 em. in widtii, and 4 cm. in thldcness. Ths 

floor panels are apijrDxiinately 270 to 360 cm. in Itinyth oiid 90 em. in widtll. SOBW of the 
systems have collar beams between the wall and floor panels. 

An outline of this structural system and typical construction procedures are shown In 
Figure 4. Arrangement of the reinforcement in a ^ical wall panel and tiae details of the 
wall base are shown in Figures S and 6, xespeetively. 
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FUNOAMENTAL PRINCIPI£S FOR THE STRUCTURAL DESIGN 



r*-.^: funa-mental principle for th« structural daaign a£ this system is to set tip tigi^ 
boaes by picperly arranging wall panels and floor panals. That is; 

a) To arrange seismic wall panals uniformly and effectively. 

b) To connect the well panels tightly to the oollar beams or to the floor panels. 

c) To connect tile floor panels to each other and thua increase the rigidity of the 
horizontal plane. 

A) Tb construct a continuous footing and to integrate the tdiole structure effectively, 
e} To arrange the connecting bolts at the connections between the structural neniiere. 
Zn addition to these controls, the fdlowing nuat be taXen into account) 

f) fzevent occurrence of haxnfol cradca in nenbers and jpinta undar permanent load. 

g) Prevent excessive deflections and unpleasant vibration in the floor. 

h) Provide ductility to the structure and non-structural iMotoers and thus insure 
developnent of large horizontal dlBplaoenants. 

1} Prevent rusting of joining metals and reinforcing bars in the precast panels. 



DBTiaLS OF BMOMgaMS RBSISTAMT DESIGN 

The procedure af the eathquajis resistant design is as follows; 

a) Oetermine the mininun values of wall length that are necessary for each 
floor and evaluate the aaniiMai alloMafele distance between these walled 
panels 

b) Arrange the wall panels and floor panels uniformly using the values deter- 
mined above for each direction and at each story. 

c) Calculate the stresses in each nenijer and joint and check the {Appropriate- 
ness of the above arrangement. 

Usually design procedures are dependent on the controls given in specific design 
■anuala. The design earthquake load that has been adopted is the value which corresponds 
to a QOftfficient of 0.2# as given in the Building Code of Japan. The structural behavior 
of shear wall panels can be determined by a slnplified method, as shcnm in Figure 7. in 
Oils m.jthod the height of the inflection points of the walls are determined by tests. 
Therefore, the effect of the bolt connection at the vertical Joints, between wall panels, 
la neglected (see Figure 8). At the wall base shown in Figure 9, the cross-sectional 
areas of the xeinforoeawntSj and the anchor bolts, B^^, axe determined from the ten- 
sile forces due to banding. The shear resiatanoe at the wall base is deteraiined by tests. 



ESTIIAIED STRUCTURAL PERFORMANCE: AND PROiBLBHS 
TO BE STUDIED III THE FUTURE 

Fron investigations on the structural characteristics of existing houses and test 
results on structural tBeattexB, the following structural perfomanee criteria are estimated. 
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Tn th« case of a two-atozy tiouBe of Uils systam, the total weight per unit araa la 

1.0 '- 1.5 t/m^, and with tiio mmimu.-n wall length per unit area eqoal tO 15 20 OO/t?* 

The yield base shear coefficient is estimated as C.4 0.8. 

The following additional problems naad to be studied for this type of structural 
syatamr 

a) Altliough the elastic rigidity of this kind of strycture is high, the plaetic 
rigidity is renarkably low due to the additional defomation of the many joints, 
rurther studies are, therefore • required to clarify the effects of these joints 
on earthquake response. 

b) The durability of thin pjuiel concrete sheila and of exposed steel bolts should 



be lapiovad. 
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FI6. 4 NEDIUn-SIZED PRECAST PANEL CONSTRUCTION WITH COLLER BEAHS 




Assembling Procedure 



Construction of wall panels at the second floor 
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Construction of col lor beams and floor s1ab« 
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Construction of wall panels at the first floor 
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Construction of footing with anchor bolts 



FIG. 5 DETAILS OF SEISHIC UAIL PANaS 
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FI6, 8 NEGLECT OF COHMECTION BOLTS AT VERTICAL JOINT 




FIG. 9 RESISTING REINFORCEMENTS AGAINST MOMENT 



IV-69 



Digitized by Google 



AN ANALYTICAL MODEL FOR OETSRMINING EN£{(Sy DISSIPATION 
IH BVMaKZCKLLy UMSD STVOCXURES 



John F. McNair.ara 
Assistant Professor 
Dapftrtaant of Civil BnginMrlng 



Sushil K. Shazna 

Research Assistant 
Department of Theoretical and Applied Mechanics 



Onlwzaity of Xllinols 
and 

Comtruction Engineering Research Uboratozy 
Chanpaign, Illinois 



An analytical procedurt: is developed which jjredi cts nonlinear cyclic struc- 
tural response under large reversals of plastic strains. The structure is dis- 
cxtttized by means of the finite element approximation, and the naterial behavior 
is •lonlated tog a refined analytical nodsl ^i^ dascribea the realistic hyste- 
retie atrees-strain curves of A36 steel under arbitrary cycles of load. 2n order 
to test the validity of this naterial model, some comparisons are made with ex- 
perimental values of the inelastic response of a smply supported bearr. under cy- 
clic bending. The model is subsequently used in the dynamic analysis of a portal 
frame stibjeoted to a selected portion of the Bl Centre N8 eartiiquake acceleration 
record. The inproved cyclic response with the current approach is illustrated by 
comparing results with those obtained using a simple bilinear klnsnatie hardening 
matfcrial apprnx-; n-ati on . Compar : sor.R are also made with values obtained using a 
ooomer daily aviu.l<ible nonlinear fraiius analysis computer program. Some final con- 
nants are made regarding th« rate of solution oonvetgenoe With integration time 
•tap alee for two different teavoral integration aP*ntors used in this analysis. 



Key Words: Analytical model; dynamic analysis; dynamic loading; earthquake; 

energy dissipation; finite element r seismic response f structural 
angineering. 
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Th« dynanie aoalysls of fraaed 8t««l structures under earthquake loading would appear 

to be well in hand, and many studies and applicable computer programs are readily available 
(1, 2, 3) . In terms of building configuration, structural elements, and applied loading, 
the programs are general in nature, but all assume that material behavior can be approxi- 
oiated in terns of noment-rotation joint relationships. A siinpls bilinear or Ranberg-Oagood 
(2, 4, 5) curve fit is usually adapted to model this material resistance function aaA ap- 
pears adequate for most engineering applications. Currently accepted design criteria for 
steel structures with respect to lateral displacements, ductility ratios, and lateral forces 
have tivolviid from ut^diuL, using the above c[in[ uter programs. However, the complexity of 
the load-displacement hysteresis loops for frame type structures « %«here buckling, plastic 
straining, large dlsplaaenents« and joint slip are active, can be judged firon the survey 
given In (6} of oosc^Qtatlons and experlaents on aodel structures. 

A current sLudy - rei^ants some results obtained during the course of a contitiuing re- 
search project on the magnitude and distribution of energy dissipation in dynamically 
loaded stcuctnres. A significant point of this research is that the behavior of the strae- 
tax« is found neans of a naterial aodel with pn^rties derived froa the exact hystar* 
etie stress-strain behavior of A36 steel. Measurements of the cyclic behavior of A36 steel 
were carried cjt in (8) , and the analytical model was developed and validated in (7) for 
uniaxial ajid multlaxial stress states. By means of this model, one can incorporate the 
results of adv^ulced research in material behavior intc. •-r.gi.i'irering analysis. In all cases 
knonBi to . the writers, cyclic aaterial behavior has been deduced from monotonic test curves 
while, in fact, highly accurate results on cyclic behavior are readily available (9, 10, 
11) . The develcpnpnt of this higher order material model supplenvents the current activity 
in the cyclic testing of structures through large strain reversals (12) . 

Since the material resistance is synthesized from Knowledge of a pointwise stress- 
strain relation rat^r than a moment-rotation relation at a joint, the finite element 

CK'thod rather tha.n a atiffnesa iTietliod ii used to ncdel the structure. The clcnent -.iscfj 
is a sin£;I<j buaci-cclumi ■■«.-ith tlie atittntisa cuitirix cbtained by nujnericai integration along 
the length and through the depth of a member element. A finite element plane stress anal- 
ysis of a siniply supported beam, cycled through three load reversals with large plastic 
strains, was used in (7) to ebedt tlie material model under discussion. Furtiier analysis 
of. the same problem, using a beam-column element and idealized material properties, iS 
given in (13) . The purpose of the study in (13) was an assessment of the accuracy of nu- 
Fierical Holutio.n tech:iiqijes with a particular reference to cyclic loading. The refined 
material model has been incorporated in a general purpose finite element computer prograsi 
(14) Capable of analyzing tiie nanlinear static and dynamic reaponaea of engineering 8truc-> 
tores. 

The objective of thi.g research is to formulate an analytics 1 pror.^idure for determining 
overall structural energy dissipation properties on the basis of experimental cyclic ma- 
terial behavior. A projected use of the nunarieal rasnlts is an aaseaaaent of the effect 
of nonlinear naterial behavior on the danyping properties of structvzea. Aia prelininaxy 
results given here are ainsd at verifying the overall analytical model and tiie accuracy 
of the nunerical solution procedures. For the case of a simple portal ■frane i.Tder eart:h- 
quake excitation, it is shown that considerable differences in displacement values occur 
between the current rasults auid tiioae Qbtained using a bilinear kinaietle hardening Stress- 
strain relation. 



(i) Finite Element Formulation 

Ihe general agnation of notion for a bo^, derived from the principle of virtual work, 
is written in term of initial geoaaetry as 



MsmoD or lunLYSis 



(1) 
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where- CM] is -a consistent or diagonal mass matrix, (q), (cj) ~jr<=- the generalized displace- 
ment and acceleration vectors. { P} is a vector of equivalent ntxlil forces. { s) is a vec- 
tor of generalized stresses. The matrix (B) transforms generalized displacement incre- 
■anta at th* nodes to genaralizad strain incr«Banta at any point In an eleaient. It is ds- 
finad by the equation 

fAE) = {B){Aq) (2) 

and is a nonlinear function of displacement. The expressions used in foxining (B) in the 
cursent atik^ aza given in tha l^ipendix. 

A aodlfiad, or corrected, linear increcnental form (14) of Equation (1) is obtained as 

tM){<iqt+Atl = / (S) dV - / (B)'^tAS> dV + {fiPt+AtJ * ^-W)CiJ 

V V 

- / (B>^ {Si «r + {P^)) (3) 
V 

The incremental stress vector (AS) ca:i expressed in temns oC (Aq) fey using Equation (2) 
and the following linear increinental stress-strain relation 

(AS) - (D^){48} <4) 

The construction of thi^ elastic-plastic Etress-=,train transformation matrix (D ) with 
reference to the new material model follows the approach outlined in (15} . By substituting 

Equation (4) in Equation (3] and following procedures descrUied in (15) , Bjoation (3) oan 
be written aa 



1 stiffness matrix (K^) is formed by combining t 



(5) 



where the tangential stiffness matrix (K^) is formed by combining the first two integrals 
on the right hand side of Bcpiation (3), and the "load correction term", {X^}« is the oon- 
txilMitiaii of aia terns inside Uie parenthesis In Biuatian (3) . {X^} is tha total uidbal- 
aaoad force at time t. 

(11) Tiate integration 

Ihe controversy over an optimum tea^ral integration operator haa produced a large 
volume of studies in reoent years* Direct nethods (16) are available tat estiaiating thm 
accuracy of titese operators when applied to lineer systems (17), but it seetts that only 

numerical experiments can provide a measure of their worth in the nonlinear case. In a 
recent analysis (18) of the performance of several popular operators, najnely; the Houbolt 
(19), the Wilson {20} f the Nevmiar)i Beta (21), and the central diffexenoe operator, it was 
noted that the aoeoiraey and atabili^ of solutions with theee operators ware very dif- 
ferent between corresponding linear and nonlinear applications. The overall cxmelusicn 
arrived a': in (191 la Miat inaccurai-ios ir. ri^jnliriear golutilonu .i:" cumulate vr^ry r,=!r:- dlv 
when integration operators are used with time increments larger than that of the staDility 

Unit given by tbm central difference 09«rator. 

zn order to fort^r investigate the result described above, both tiie oentral differ^ 

ence operator and the Newtnark opt'rator vith g = 1/4 ar.d v = 1/2 were used in the current 
study. The latter operator is generally applied in earthquake engineering and is the 
kasi':. of the -:;olutiorL ric::hod in (3). The increnental value of Him displeoeBent vOOtor is 
given by the central difference operator as 

{Aq^} - {&qt-dt> * At^{gt.^t> 

The solution cycle is formed by calculating the displacement increment from Equation (6) 
and using this value to compute the integral on the right hand side of Equation (1) . The 
acceleration toe the next step is found by solving Bquation (1) for {q^}. Ihe operator 
is not self-starting and suitable initial values are outlined in (18). 
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Became of its implicit form, the Newmark operator is more conveniently combined with 
a linearized aquation of motion sud) as given by Equation (S) . The Increoient of acoslerA" 
tioBi ia qlvsn by 

^^'^t^tt^ = ^({-it+At^ - it I4t) - ^qfc)) (7) 

substitution of Equation (7) into Equation (5) yields 

2 

(K^)) {Aq^^^.} = {iP^^^} + {I^} + iM{At{4t) * ^-^'it^^ 
At At^ * 

in this ajpproacdi <Aqt-t^t^ first calculated from Equation (8) and then evbstituted bade 
into Equation (7) to fiiid tha acceleration InereaBnt. Hie velocity vector is given by 

Ukt^^) - {q^} + |£{{qt) ♦Cq^^,}) (9) 

Danping forces of th* equivalent viecoua type are net ineluaad at present sinoe they would 
complicate the interpxetation of tiie effect of Baterlal nonllnearity in the response. 

(lii) Constitutive Relation and Itafined Haterial Nodel 

The new refined material model is an extension of the work of Martin (22) and Jhansale 
(23) and is described in detail in (7, 8) . A mechanical analog of the basic series model 
with only three elements is diewn In Figure 1. Bach spring of the system has a linear 
stress-strain relationship. The springs in the parallel spring-?; 1 -de r elements are not 
deformed until the applied stress reaches the yield stress of the siider in that element. 
If the applied stress in an eleovont reaches above the yield stress, then the difference 
is stored in the element as a residual stress. The tang«it nodulus Ej^* on a given segment 
of the curve is obtained fkom the relation 




(10> 



whore tlie summation is extend^it-] r.vf-r All Uior.e r ir.j-s 1 idor clcir.onta w}:iL->-. liavo yiolded. 
The- stress-strain response wi'.li ihi-s nudel iallw^ KaiBii^q ' s hypQthes^ii whtre the closed 
hysteresis loops are the same form as the stablized initial Irnach OA of the stress-strain 
curve except for an enlazgement by a factor of two (10) . Tbe hypothesis also ioplies that 
after a small hysteresis loop fiFGH, the loading branch will follow the path SX instead of 
EJ. Ttiis is an exa;T>Tlo of tlv? "ir.cir.or-/" effect tAiich is created by the distribution of re- 
sidual Gt-iuiiS in 'i.l'.c cla.ati- bpr_iiyti. 

This basic nodel cannot, however, accurately trace the hysteretic stress-strain curve 
of A36 steel for two reasons. Firstly, A36 steel in its "stable" condition does not obey 

Massing's hypothesis. This is shown in Figure 2 where the cyclic stress-strain curve, in- 
creased by a factor of two, does not accurately describe the hysteresis loop shapes, and 
the upper hysteresis loop tips do not fall along the ut-pcr t_raja of the largest loop. 
Secondly, A36 steel cyclically hardens or softens before becoming stable. It was observed 
ia (23) end (7) that even during the hardening and softening process each ivper branch of 
stress-strain curve (exempt for the initial flat top brinch) could be fitted to the double 
skeleton curve for the "stable" material by translating tite loop along the elastic line. 
The loop is translated along the elastic line until the upper loop tip is approximately 
tangent to the double skeleton curve. An outer trace of a given loop is then described in 
terms of this skeleton curve and an appropriate stress offset, S^^, which defines the 
snount that the loop must be displaced along the elastic line, in Figure 3 the individual 
brandNes of hysteresis loops i^tained from constant aaiplitude strain controlled tests have 
been fitted tj the do'jii^c skeleton drvo. As shown in tVie fi'rure, the streas offset, S._^^, 
depends on the number ot reversals and the total strain range, in this study S^g is approx- 
imated by a family of linear functions of the number of reversals and the total strain 
range. 
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The UMlytieal mtexial nodftl also Incorporates cyela-aapandflDt aaan stress as da* 
scxlbed in (7), but this feature is not activated in the pzaaaat study. An addad faatura 
is that the initial response of the nodel is determined by a set of constants derived from 

the "flat-top" stress-Strain curve obtained by testing a virgin apticincn of A36 stcol. The 
spring constants and slider stress values for subsequent reversals after the first loading 
are found separately from the skeleton ctirve obtained from constant anplitude strain oon- 
trollad cycXlc teats of ate«l qpeclMOS. Xha piiocadura« used to oowpate tha spring oan» 
atants and slider stress valties, is described in detail In J^pendix A of (7) . Agreamat 
between the rofinc-d material model and a complicated cyclic stress -strain history far a 
virgin steel is shown to be highly satisfactory by the results depicted in Figure 4* 

NUMERICAL VBSOVfS 

(i) Verification of Material Model in Structural Application 

In oxder to test tha validity of the naterial swdal in structural applications, tha 
bean prdblen, daseribad In Flqare 5, was dovalopod. Vsn spring-slider alasiBnte were osed 

in tlie material simulation, and the dimensions of the beara were chosen in order to obtain 
large plastic strains without introducing nonlinear geometric effects. The beam was loaded 
and reloaded through three cycles, as shown in Figure 5. In the earlier investigation of 
Pliaoer (7) , the bean balf<-span was nodelad by fifteen pleuM stress eigbt-ooda iacpa r a n atric 
finite alamants (24) . With a view to later, nora general frane-type atxvctacal appllea- 

tiona, the half-apan was iffOdelcid witli ten simple beam-column elerricnts in the present study. 
The generalized strain-displacement relations on which the beanr- column element is based 
ara ovitlinad in tha iippaadiie* 

Tha wawtrtoal and aa^rinantel resulte for tha beam are coaiparad in Flgiira 6. the 
geonetrie shapes of both curves are so clearly sinilar that it appaara that a alii^t ax- 
tension of the elastic range would allow perfect agreement, nie dinensions of the beam 

span, cross-section, wnd concentrated loading also mke it likely that shear deformations 
contribute in part to the difference in results. This is investigated in Figure 7 where 
tha rasulte of the plana strass analysis fron (7) are compared with tha curxent beam- 
fsolim saaolte. Tha eoMtinual rediatribtitlon of the two-diaanalonal atraao stete in tba 
plane stress resulte means that, even for sero hardening, the load will continue to in- 
crease after the critical inid-Secti on has becone totally plastic. Tn a similar example, 
Felippa (2S) found a 35 percent increase in load capacity beyond the listit load in sicfJle 
bending at a displacement of approximately five times the elastic limit value. The ef- 
fect in this casa ia to give the plane strass curva a greater slope on the initial brandt 
«hidh leads to high raeidual etceasas in tha apring alansnte bafora tha flxat ravaraal. 
The residual stresses for the beam-column case are practically zero except for one element, 
and this means a flatter response will occur on the subsequent reversal, it is felt that 
this effect rather than shear displacement CkUBaa ttOat Of thO differCBca in caattlta in- 
Figure 7 at the end of the second reversal. 

Ibeaa pralininaxy reanlte indicate tJiat fiirthar tuning of tha analytical naterial 
nodal may be in order. Currant suggestions In tliis respect are to dr^ the initial mono- 
tonic "flat-top" behavior and use Uie cyclic skeleton curve for calculating one set of 
spring and slider values for all cases. Omission of the "flat-top" first cycle may result 
in an overall improved response. It was suggested in Appendix A of (7) that fictitious 
raeidual atreeaea be built in at tha and of tha "flat-top" cycle, but this nay overly oov 
plioate the paraneters of the nodal. Mnothar nodification under study ooncems the fact 
that in the current model, the effect of the increase in elastic range, described as a 
stress offset in Figure 3, xs not added to tli6 first slider, or first segment of the stress- 
strain curve. It was commented on earlier that the experimental values appear to indicate 
that an extended elastic range is necessary for improved agreenant, and tha relaxation of 
this raatrietion on tha first slider nay be helpful. 
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(il) tmsffOMe of a Portal Tramm to salsnie Leading 

The portal fraae describad in (26) was modeled with three finite elements per member 
and subjected to a selected four seconds (1.5 gog. - 5.5 sec.) of the El i^Tentvo N-_- e;!rth- 
quake acceleration record magnified by a factor of 1.5. The equations of motion must be 
■djuBtad to raflaet this l^e of loading and Biuatlen (8) la raplaead by 

At'' At* 2 4 ^ 

(11) 

«baz« {^.Vt+At^ ^* geiwralisad di^plaoanant xalativa to baaa of tha atnwtiira. Tha 

vector {Q^is form.-^d by the coiif>onanta o£ baeo accelaratlon input. Tha aqullibrlum cor* 
rectioa term is also changed to 

{1^) • - CMJ({«u) + {fij) - / (B)^{S> iV + {P } (12} 

V 

For the solution with the central difference operator, Equation (1) is solved as it is 
written for the absolute acceleration, and the relative structural acceleration is obtained 
f BOB tha ralation 

{\} - {q^} - {Q^} (13) 

Diaplacements relative to the base, for the purposes of calculating internal forces, are 
found in tJia usual nannar as 

lAi^.) • {Au^.^^} + At2(u^.^t} (14) 

The stiffness matrix (K^.) is generated numerically using three Gau£si«u; points alorig 
the length, and the cross-sections of tlie T-beams are modeled by three specially weighted 
integration points, one placed in each flange and ona at tha center. Tha number of points 
in all eases can be vaxied, end an option also exists nhidt allows stresses to be oanpotsd 
at one or all Gaussian integration points. A diagonal mass matrix is formed in the pro- 
gram by collapsing all rows of the consistently formed matrix onto the diagonal. The di- 
agonal miSS matrix is used with Equation (1) and the central difference operator, and the 
consistent mass matrix is used in Equation (11) since there is no apparent computational 
•dvaatage in using the diagonal fan. 

The dotted line in Figure 8 indicates the response of the frame with the new material 
model arid the central difference operator. In the 'jamG figure, t'nc solid line passini 
through the triangles represents the response with kinematic hardening ideaixssed by a sxm- 
ple bilinear stress-strain curve given by E « 30 x 10^ psk, o - 36 x 10^ psi, and E^E ~ 
0.1. h ooqperisoB of these two curves indicate the inflttsnca^of the added cyclic hardening 
effect in the refined miaterial model over the idealized behavior. The results clearly 
demonstrate a cumulative effect as the divergence between the results increases with each 
reversal o£ the response, it is onphasized that the model structure is a simple portal 
frasie loaded with only a fraction of a t3n>^ol earthquake input, and greater differences 
can be ejqpected in the analysis of »ore cooiplex framed structures under an extended earth- 
giuake input. 

The solid line passing through tlie circles in figure 8 shows the values given by 
DRAIN-2D which is a standard stiffness-type prograir. developed by Kanaan and t'owell (3). 
The material response is based on a bilinear moment-rotation joint, or node, relationship, 
and tlie ONNtenti-^axial force interactloe diagren with ebape code 2 (3) was adopted, fiidi 
frame member was divided into three equal elements, and the elastic constants and harden- 
ing modulus mentioned above were enployed in the analysis. Inspection of Figure 8 shows 
that the results witii DRAIN-2D agree in general with those found using bilinear ki^e^^atic 
hardening. The divergence of these curves at the final peak values in the response may 
be attributed to the different yield criteria and to tibe manner in whieh the structural 
stiffneeses ere coegputed in the respective coeputer programs. The agreuMnt between 
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AT.d the results of the refined material model at the final peak displacement «qp- 
pears to be fortttitous 9iM06 the displacement histories are eonelderbly different 19 to 
this point. 

(ill) Selection of Tina Xncrunent for the Teqporal Integration Operatora 

For linear problems/ the choice of sn iniplicit versus explicit intc-rirat.ic.n operator, 
such as the Newinark over the central difference operator, is often governed by the fact 
that the latter la only conditionally stable with respect to tiae increaent slse. Mao, 
accurate solutions with coniparatively large time increments can be obtained from Newinark 'a 
operator with B = 1/4 since the aiifilitude of each mode is conserved (21) . However, the 
results obtained in ;18) for a qeonnetrically nonlinear sinple baeun probiem showad that 
all in^licit methods suffered serious inaccuracies for time increments greater than that 
found to give 8td»le results with tiie central difference operator, and that the Newnark 
iMthod was the worst in this reqpeet. 

In the current sf.idy the portal frcune, described i n ri aure 8, was subjected to a 
sinusoidal base excitation in order to find suitable integration tims-steps for the cen- 
tral difference and the Newmark operator. The response was obtalnad with the rciinei 
naterial model as well as with draiii-2d which also uses the Hewnark operatorf and the ro> 
suits are shown in Figure 9. The limiting stable time increment size for the central 

difference operator wa?; found to be 0.u02j Reconds, and an app.'->rently j-tat.le response was 
obtained with the Newmark operator for a ti.ne stay of 0.0062S. Figure 9 indicates clearly 
the pEOblMt of identifying between stable but not necessarily accurate solutions. In thia 
ease all results were in agreement up until a tine of 0.45 seconds when both 0itlU[N-2D and 
the finite element solution with Netmark's method begin to diverge from the central dif* 
ference solution. Therefore, it was decided to assess this phenomenon more accurately by 
running the problem described in Figure 8 with decreasing time increments until convergence 
was achieved for the response over the time of the earthquake input. The results obtained 
with 0RftIl)-20 for increments of 0.005 and 0.0025 are shown in Figure 10. No dutnge oc- 
curred with a reduction in step sise to .00124 and so convergence Is assumed for At equal 

to .0025. The prohleir, is row evident in that apparent convergence occurs over the first 
cycle or so with subsequent slow, but finally appreciable, divergence after approximately 
two seconds of the response. The recomnenrlar ion i& n^ade to vi;-e the r.r.able central dif- 
ference tine increment in that the seemingly apparent stability and delayed appearance of 
gross inaccuracies with implicit operators could lead one to believe that one had a eon> 
vergent solution at larger tine steps. 

Tlie re.Kults under discussion in this section, with the exception of the central dif- 
ference case, were all obtained using the incremental form of the equations of motion with 
an elementary equilibrium, or load, corractioa term. It can be argued that an iterative 
solution at each step would iaprove the acenraoy of the iipplicit solution schemes. This 
wee attempted in (18) , and for the problem studied, the Iterated scheme made a difference 

only at thone tim.e increments v/hich had already caused large error;;, and no overall Sig- 
nificant improvfeiTtent was apparent. Further study in thi^ respect is necetisary, but the 
economic aspect of an explicit central difference vernus an iterated implicit solution 
may be the deciding factor in favor of the former method. An added consideration is the 
sinplieity of central dif femoe solution sdieme and its eeneiderable advantage with ro- 
speet to computer storage demand over the other methods. 



An analytical procedure has been described which incorporates constitutive relations 
based on a higher order cwterial model. A comparison of analytical and experimental re- 
sults for a virgin Ajin steel coupon and for a simply supported bean has shown the capabil- 
ity of the refined model to accurately predict the cyclic hysteretic material behavior. 

The revonses of a portal frame subjected to the Bl Gentro NS earthquake acceleration 
record have been oosvared for the refined material model, a bilineer kinematic hardening 
Model, and tite DRhlM-ZD model. The significant differences in the eeopoted resultm have 
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clearly dantonstrated the effect of cyclic harcteoing on sexsnic structural reaiponse, and 
warrant a further etudy of this phetuaMnon with respect to energy dissipation and fatierue 

life of steel structures. The preliminary cSynamic results suggest that fnr c^rrparahle 
accuracy, the time increments for implicit integration operators and for the central dif- 
ference operator must be of the same order in the case of nonlinear problens with oaaplex 
time -motion histories. 
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APPENDIX 



Beam-Co 1 lojrri Finite I r-men t 



The axial and normal displacments U and V at a point (X, Y) of the beam are approxi- 

Mtad by a limar and a cubic intarpolatlon f^mction of x, respectivAly. 



0 

V 



bQ + b^X + bjX^ + bjX-^ 



(A-2) 



. , are ganaralized displaceioent coefflciants. 



It Is convenient to separata the strain B at (X, ¥) into its nenibraiM and bending 

components and E^^, where 

ax 2 ^ 2 



- Y 



(A- 3) 



FroB BqaatiooB (A-1) and (A-2} 

dO/dX » aj^ 

dV/dX • b^ <«■ 2b2X -I- abjX^ 
An inerotant of strain is obtained from Equation (A-3) as 



(A-4) 



dX dX dX 



dX dX 



<A-S) 



dx-* 



;;uL.Btitut^n7 Equ-t:on (A-4) into (A-5) , and AB|j can be expz<esfiad in teine of in- 
crements of generalized displaceaenta as 

' Aa. 
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tA-6) 



From Equation <A-6) , matrix (B) which relates generalized inccenantal strains with 
ganaraliaad increMntal displaoeatents is raadily idsntlflad as 



(B) 



dX 



dv 


2XSL 


3X2 *L 


dX 


dX 


dX 


0 


- 2Y 


- 6XV 
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mVflE: 3. HYSTERESIS LOOP BRANCHES FtTTED TO 
THE SKELETON CURVE 
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FIGURE 5. EXPERIMENTAL PROGRAM 
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FIGURE e. COMPARlSOM OF BEAM FINITE ELEMENT RESU LTS 
WtTH EXPEHIMENTAL VALUES 
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FMSUttE Z CQMPARISOW OF PLANE STRESS AMD BEAM FiMlTg 
ELEMENT RgSULTS. FOR CYCLIC MATERIAL MOPgL 
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This report presents a nuniiei ji baaic items relative to the dasigri of pile 
foundations sxibjected to lateral loads, and deals with the present design status 
of highway bridges in Japan. Also presented are items to be further Gtulied for 
tha dasign standardisation of pile foundations subjected to lateral loads, such 
profclen as VhB defonution iMehanisn of gzovqp-pile struetures are exaudiMd* 

Ihis report presents the method by reinforcement of the pile-head. 



Kay Nbrdst Designi earthqaake; highway bridgesi lateral loads; piles r pile head} 
structural engineerinfr. 
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INTiOOUCriOM 



tafwyaa J^pan i« «uJi»ject«d to frequent earthquakes, it is necessary to conaidiar tiM 
effects of these earthquakee in designing structures. Sudi design specifications are stip- 
ulated under Paragraph 1-8-1, '■■'iiidi-: of Load" in the Volume I cf the "Common Rules" of 
Japan's Highway Bridge Specification (Technical Standards of Ministry of Construction}, 
and also in Volume V of the speetfieatloti given under the title "Specification for Bartii- 
quake Resistant Design." 

The design of sub-structures of highway bridges is performed in compliance with tho 
Specification's Volume IV, "Specifications for Sub-Structuro Design." The provisions re- 
lating to the "Design of Pile Foundations" in this bridge specification, were establiehed 
in i964 and have subsequently become rather obsolete. Amendment and asvisionto these ^eo- 
ifioAtioDS 9f aov tmdexway in order to inooxporate tb» latest technology and field and 
laboratory data. 

niis report will present various ideas and methods outlined in several studies, which 
relate to the design of pile foundations subjected to lateral or seismic loads. Although 
these studies are still In progress, various parts are beip? incorporated into thm piXO* 

visions of the "liiqhway Bridge Specification." Consequently, the text Of this report wi 11 
indicate tixe liew j-tdvisions of the Japan Highway Bridge Desi-^n Code. 

The general contents of this report will be presented as follows. 

In the section "Dosii^n of Piles," there; will be introduced a conventional !t»«thod and 
a rigorous method of deGign. 'Xhe former nethoil evaluates the pile's head reaction and 
displacement by balancing the three forces, while the latter ccinaiders ttic disi-ilaceirionts . 
For most foundations, the siqple conventional method is sufficient, however, this method 
mmr cause, in some oaeee, sane snloos errors. Therefore, in these instances, a suggestion 
for applying the rigaeonsmethod is given. In general, the use of these methods considers 
the piles to be long. In the case where the piles are short, tlie displacement method must 
be revised, a deaoription of wbieih will be given. 

For the soetion "Calculation of the Lateral Coefficient of the Ground Keaction," there 
is introduced a method as deduced from the results of soil tests, the lateral coefficient 
of ground reaction which can be applied to the analysis of the stress and dieplacenent of 
thm pile, with the aid of the theory of beams en an elastic foundation. 

This msthod was proposed on the basis of experiments pexfonned on 150 lateral load 
tasts and their oorrelation betneen the soil properties. 

In the "Design of Pile Head" section, a design method for connecting the pile's head 
with footing is described. There is no practicable design method to rigidly connect the 
head to the footing. But the Public Works Research Institute of the Ministry of Construc- 
tion, desiring a strong and rigid connection, issued a design standard, in order to test 
and verify the appropriateness of this standard, a series of nearly fUll-siae seal* load 
tests were conducted. A description is given of the fcasic concept of the design process 
of the connection of a pile to the footing and the results of the experiment. 

The section entitled "Behavior of Pile Foundation with Free Length" describes the 
lateral resistance of a pile foundation ha<ving a free length and the results obtained from 
a vibration test. 

There have been variou::. vibration tests conducted on pile foundations, in which the 
footings are buried in the ground. From these vibration tests and through experience ob- 
tained during actual earthquakes, the earthquake resistance of such units have been veri- 
fied, aowever, tbmrm have boon minimal oiverlgients undertaken with reqpeot to pile found- 
ations of feee length since it is entirely a new type of foundation ooooept. This sec- 
tion will, therefore, present the results of an e^^seriment on nearly foll-siaed scale 
foundation, as performed by the Public Works Research Institute. 
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DESI<ai or PTI£ 

Calculation Method of Pile Head Reaction and Uiaplacemeitt 



Tkwxe are tMO nettiods designated as the "Rigorous Method" and the "Conventional 
Matbodt", which can be used to detemine the x« action and displacement which nay occur at 

the head section cf ca-h pile due to exte:-r.:il f-rr';!^ fv_ , H , !' ' , is shown in Figure 1, 
It will be assumed tiiat the footing is a ri^jid Louy and tiie grouiid is elastic, both in 
the axial and the lateral directions of the pile. The calculation method ^jresented is ap- 
plicable only in the case where the piles are sufficieAtly long and are deeoed to have an 
infinite length. 

The applicable extent of this calculation method and the c«ilculation method for short 
pilea aza praaantad in tha following paragE^liB* 



(1) lAqngQiia Method 



The following equations, ^en solved simultaneously, will giva tlw 
of the footing-pile unit, where the lateral displacemnt Of tha footing iS vme- 
tical displaoenent is 5^, and the rotaury angle is a* 

= 2 (Kj^ coa^ «i * '^"^ 

^xy " \x ■ I^'^v ■ "^1^ ®i ®i 
«te - - J{ (Ky - Xj) JCj nin eoa 9^ - opa e^^l 

*^ - |(K^ ooa* + ain* a^) 

Ay^j = A^ = ^{ (K^ cos^ "^""^ "l * ^i) 

*oa " ^ ®i * *l ®i' * ^"^2 * *i ^i * "^4 

«1 ■ .. " 



(1 + Bh)^ 4- 2 



It » K - K ^ + Sh 

X , 4 KI gU ♦ flh)^ + 0.5 
* 1 ♦ fikd 4 Bh)3 + 2 

D - Pila diaaetar M 
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EI - Pile's bending rigidi^ (Xg/cm^) 

Kg = tateral coefficient of the gzoiatd reaction for a pile Ocg/ea?) 
K ■ Axial ooeffieient of the ground reaction of a pile (kg/cn) 

V 

When 6^, i^, and a are evaluated fz«n the Bqoation (1), the pile's axial force 

pnj^ workir.'j upon Cdch pile head, lateral force F^i* pile head nonent cun 

be calculated £rom the following equations; 

'■l ■ ®i * * '•V ~* ®ii 

Py^ = COS - (<Sy + dx^) sin 8^"^ - K^a (2) 

Mi - - ^3(4^^ cos - <5y + ox^) Bin 0^^ + 

(2) Conve ntional Method 

As an eo^edient design nethod, it is possible to perfom an approximate analysis 
hy assuning the foUowlngf 

L) In the caiee of only vertical piles: 

Vo Mo * ^"o 





" {«i 

»o 






n 


"i 




«x 


"0 
nK^ 




_:!o^ 




niCy 




"0 * ^"0 


0 


«vl »i* 



t3) 



vhSES: 



A - i(h + 1/B) 
2 



11) In th* ease of sltow pilevt 

In reference to Figure 1, the following relationships are obtained; 

Vq "o ^Ho 
V, + — *i 



Hi " Vj^ tan + (Hq - tan 9^) 

/sec d. i 
i ^ 
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P|l^ ■ COM 6^ ♦ sin 6^ 



6 

X 



5 

y 



a ■ 



(3) Llaitlnq application of tha Oonv^tiomO, Me-ftoa 

when the pile foundation is constructed with only vertical piles and has a sym- 
metrical arrangement, both the rigorous and conventional methods agree for both the 
pil*-h*ad reaction and lateral dlaplnottiMmt whan ■ •* . In th« cam i^n ■ 0, 
the behavior of each pile is the sane aa that which occurs In a singla pile. An 

actual pile foundation exists between these two states, therefore, consider first a 

non-dimensional parameter as defined by the following expression, which relates the 
rigidity ratio in the vertical di recti ctn to the horizontal direction, and is stressed 
a.i 



«2 



♦ - „ , (0 < ♦ < 1) (5) 

K« I X 2 UES. 
1 * 1+Bh 

where, n - Nunber of piles. 

Using this parameter , the solution (defined as f ) by the rigorous method for 
laoth tiia p'ila-)M«d raactlon and di«plaoaiMat oan ba ainply aivraasad by fba folloiritig> 

where ^({^ « q) ^® solution when •> 0, and is the calculated value of a single 

pile. ^(K^ = ot>) ^® solution when - *, and is the calculated value by the con- 

vantlonal nathod. Nanaly, tha paxaaetar * apptoachaa 1 aa th« vertical dlxaction 
rigidity of an entire pile foundation inexeasas relative to the lateral direction 

rigidity. Consequently, the gap between the rigorous method and the conventional 
method narrows. From the results of a prelimin«ury calculation of various types of 
foundations, it has been ascertained that if f > 0.9$f tha gip batwaan the two oai- 
oulatlon methods is leas than twenty percent. 

In the case where skew piles are involved, it is difficult to obtain a sirple 
parameter, as mentioned above;, but in general when the vertical direction rigidity 
is small and the o'oii'.Tue aiigie is subatutlally greatf llie azxor ariainig fron ttt* 
conventional method will be large. 

Daalqn of Short Pllaa 

Tn general, in the design of piles, the pile is considered as a beam on an clastic 
foundation. The pile's displacement y in the aiodel is presented in Figure 2 and can be 
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eiqpressed by tlM following foazth order dif fesmxtial eqaation, 

4 

EZ 4 IL,DL, - 0 <6> 

solving this aquation including the boundary condition, the pile bead displaciMHnc 
rate at the tine Mtaen tiie lateral force effects the pile head can be eiqpresaed aar 

2 aH- 
« . 1 . — 2 

Ot K|jD 

where 2 fiH^/Kj^D is the pile head displacener.t rate for the case when the l ile leiicth is 
infinite. The coefficient a is a carro-tion soot ficient lor Llic pile because it hjs a 
limited length, while alone is expressed by a function. The pile head displacement 
rate becones 6 - 4h^k^ because the coefficient a in the Bijuation (7) is a ■ when 
the pile is regarded aa a rigid body. 

Figure 3 represents the relation between a and Si , and it can be seen tram this plot 
that if gi > 3, a 1, v^ich is close tn the ^o^utxon of an Infinite leg beam. If H < 1, 
a ■ di/2« which is close to the solution of a rigid body. 

nie lOiowa description relates to only piles di^laoed under the influence of a lateral 
foroe. BOHttvar, aiailar trends will occur for other loadings. Zt is, therefore, possible 
to aake the following classification based en the design principle t 

01 ^ 3 Elastic bodr, infinite Imgth 

1 < Bl < 3 Elastic body, linitad length 

en 4 1 Rigid body 

A pile falls in-between the "rigid body" region and the "elastic limited length" re- 
gion and iSf tiierafore^ a "short pile«" and, therefore, the boundary conditions at tiia 
endp-point of the pila anst be taken into eooslderation. 

Figure 4 shows the details of a lateral load test on a *2m, llTm PC well, which was 
parfoxmed. In this ease, with 0£. ° 2, the pile belongs to the region of "short piles," 
and thus, its end-point is driven 5 n deep into tiie gravel soil. 

Figure 5 represents the comparative values as derived by calculating the measured 
oblique angle dic-tribution and throe po^bible boundary' conditions at tht^ pile's end-point 
(free, hinged and fixed] . As shown in this case, when the end-point is driven into the 
grsRral layer, tiie oalculated valuss and tha measiired values agree fairly wall iA«n the 
end'^int is assumed as a hinge. 

Fi'^ure 6 illustrate^ tl'.e iiiiluence cl the support cor.diticna, at the end-point of 
the pile, qpon the flex distribution of the pile and the bending moment distribution. 

ZATBRKL COETPICreNT OF GROOND HEACTZON CK^) 

The iTicst iaiportant tactor to control the iiiie't iattsrai rcaiatance is the lateral re- 
sistance ot the ground itself. The load-deformation characteristics of the ground are 
generally nonlinear, and moreover, tAen a load is applied by or through such a flexible 
body as a pile, it is extremely difficult to determine a definite yield-pcdnt. This is 

because there is a breakdown which takes place at the upper section of the pile as the 
load ib- applied. Becdu^?.e of thi!3, in designing, the ground is assumed to be elastic by 
taking into cxjnsiderati on the preciF.e data of ttie ground survey, and the pi3e is deemed 
as a beam supported by this elastic body. Thus, the design load is determined from the 
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allowable displacement rate and the pile's permissible stress. In this case, as the ground 
is nonlinear, the standard ground surface displacement rate is determined and a virtual 
fruc spring constant rate is enplcyed. From this conc-s tJio lateral coefficient of the 
ground reaction K^. In order to determine the reliability of this term, a nvimber of ejqperi- 
■ents have been undertakui. 

Pint, in order to investigate the effect the loading plate else has upon the lateral 
coefficient of the ground reaction, test pits were ir.ade in sandy and loam soil. The plates 
were circular and had 30 on., 60 cm., 90 cm. and 120 cm. diameters, respectively. The 
series of boricontal plate loading tests that %rere conducted are stiuwn in Figure 7. This 
filgture is eiqpreased as a ratio of to Kj^, irtiere Kjq is the value when D - 30 cm. It 
was found that 1^ decreased in an inverse pcqportlon to tiie loading plane dlsMter raised 
to 3/4 power* regardless of the ground depth or pile buried depth, as given byi 

^ - (8) 



The virtual deformation coefficient was obtained from the plate loading tests by using 
thf! 30 cm loading plate and assuming the K^q value as the control. In order to examine the 
inter-relation in the various ground investigation methods, an experiment was conducted 
for against the deforaation coefficient Sp, as obtained by a boring hole olroular load- 
ing test. The daforaation ooeffieient was obtained by either mono-axial or tri-axial 
tests by using a saaple of the snterials and the standard penetration test vcdue M. The 
reiiiuitti are shown in Figures 8 and 9, resulting in an spproKlaata eiqMrivsiital ejpresslon 
as shown belowi 



By adding a proportional constant which is experimentally determined from a pile loading 
test, a relationship between Equations C8} and (9) can be obtained, as given in the fol- 
lowing ej^ression) this proposed e]q»resslon gives an estlsttte of tlM lateral ooeffieient 
1^ of the ground reaction for a pile. 

'30 *c 

X.. m —— « ■ _ — M *" (10) 

^ 4.8PV4 i.»3/4 X.2D3/4 i^j^S/d 



Figure 10 shows the eosparlsoB between the results obtained freai a single pile loading 

test performed on loam soil and the expression (8) . Figure 11 illustrates the relation 
between 7N/K and the pile's diameter (0) as based on the expression (10). The data that 
has been plotted was obtained by cx>llecting the information on ISO horizontal loading pile 
tests throughout Japan. The value of that was used was the ground surface displacement 
at 10 SB. For the standard penetration test value N* the mean valne at a d^ptb fzoa th» 
ground surfaoe equal to l/B, irtiere (8 - bi) was eaployed. 



OESIGM OF yihE H£AD 



Since the load applied to the s«ip«rstnieture or the substructure of a pile must be 
transferred vititiout feilore to the foundation structure, the ecnneetion between the pile 

body and the footing structure Is extremely iinpoT-»:Tr.t . Tn the case of a pile foundation 
where the cross-section has a portion which will suddenly change, a smootli transfer of 
load is Inpvrative. 

At preeent, tbm substjcoeture design of A hlgbwtgr brldf^ reqalres the oonnection be- 
tween the piles and the footing be considered as a rigid unit by using either of the fol- 
lowing two methods: 
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Method A t Piles which are buried in a footing at a certain depth, the oonbined strue- 
ture Shall reeiat the pile head confining nonent using Vhm burlect portion 

of the pile. This method li; applicable to steel pipe piles, PC, and RC 
piles. The details of the connt'ction are shown in Figures 12(1) and 12(2). 

Method B ; The pile head confining nooent shall be resisted mainly by reinforcing of 
the piles, even if tiie length of the buried pile into the footing la short. 

This method is applicable to any steel pipe pile, PC pile, RC pile, or 
cost in-place reinforced concrete pile. The methods shown in Figure 12(3) 
to 12 (S) pertain to this mthod. 

The design ttethod is ^eeifled by each type of pile and by tite ocnneotion aethod A 
or B. For example, the design of a Steel pipe pile, %)hich is eomwetad by using Metliod 

B, is outlined as follows: 

(1) The connection of the pile and the footing is designed as a rigid structure, 
and the pile's head should be designed to resist all punching, pull-out, and 
lateral forces and the anaent. 

(2) The length of pile head to be buried into the footing shall be 10 cm. 

(3) The vertical bearing stress of the footing concrete shall be (refer to Figure 
13)1 

5 - — — L 5— 
4 

(4) She lateral bearing stress of the footing oonerets shall bei 

o = < o 
eh Dl «■ 

(5) ihe pull-out dxear stcess of the footing oonerets shall bes 



< T. 



IT (D + hi)hj 

(6) The covezplate and the cross reinforced plate shall be: 

t^ ■ t2 - 22 nm h^ ■ 30 nsi « 

which are i^liesble to piles of not M»e tban 1.0 n. in diaswter, 

where: 

tj ■ Thickness of the coverplate (an) 

tj ■ Xhiekness of the cross xeinforoed plate (as) 

I12 *■ Height of the cross ralnforeed plate (en) 

(7) Hypothetical reinforced concrete cross section stress. A punching force P, the 
■cnsnt Mf or the pull-out force is assumed to act on a cross-section of the 
reiDforoed concrete and the stress of concrete and 43m zeinfovosBsnt is than ex- 
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(8) AndMuring of rninfnrrimnnt 



1} Tha ^twarlng stl^•ra >t th* weUad Motion ahall b«i 

• 1.4 •• 

where 

0,^ ■ Allowibla tmwllo otrosa of tlM roiaforoamnt (kg/cK ) 
- CZDOO-oeotlon of tiw z«lnforoBnent (cm.^) 
X = Leg length of the fillet weld (cm) 
« Held length (cat} 
il) Iba aadaor langth of tita zalaforoflmnt shall bai 



sa 



where 



T • tt 

o« " 



» Allowibla bona stKoss of oonerata Qcg/en^) 



u - noop length of the relnforoenent (en) 

(9) The lateral pull-out shearing stress at the end of the footing will be studied. 

The results of model tests on steel pipe piles which are connected by Method B will 
now be glvani the datalla of the teat nodal are given In Figure 14. 

The detail of the pile head connection la shown in Viguxe IS, which baa a 10 at. 

built-in and is reinforced with eight steel bars of 16 mm. diameter. On the pile's head 
there is provided a steel coverplate of 16 nm. thick and 16 nn. reinforcement ring. Tbia 
cing la jpxovidad axound the oteel pipe pile to xesiat the eireunferential tensile stress. 



The naxinvBB ^>plied vertical load was 90 tons and tite resulting etz«ea dietributlon 

on the concrete footing anfl the pile head coverplate under this naxlmuni load is shown in 
Figure 16. The coogparison between these measured stresses and the calculated values are 
given in Fig\ire 17. the calculated coverplate Stress can be obtalnad by assming tiie ear 
tire bearing atxesa acta on the coverplate ori 

nhertt 

- Bearing atxeaa (kg/en') 
D - Pile diaaetar (en) 
t > Pile thidcneas («) 

It ^ould be noted that the transfer of the vertical load acting upon the pile actually 

is concentrated along the wall thickness, and, therefore, the aotual HeSSUXed valUS Of 
Stress on the coverplate is smaller than the calculated value. 



The vertical load was Uien removed and a maKiwww lateral load of 70 tana waa then 
sgpplled. Plgure 18 dioHa the opspariacn between ttaa aotnal ■aaaorad atsasaas and tba 
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calculated values with respect to piles Pj^ and p^. ihese results indicate that there ex- 
ists a definite gap in the behavior of P^^ on the pundiinig site and on the pull-out side. 
It is kno«m from the bearing stress distribution that the entire area of is compression, 

while on 7 , thtire occurs some rotation at the built-in section. This clearly means that 
the confinement on ti^ part of is rather weak and the pile head is not perfectly fixed. 

In general* the establisbed file head connecting nathod has a sufficient design 
strength, and tiie stsMe tttddtt oocsrs insids the footing is safe. 



BBHXVIOB OP PXIS FOUMMTIOM MITH t>BBB UMGIH 

the nultiple-pillar foundation of a rigid structure can be fonted by groins of large 

diameter colurrins or pillars which pfinstrate an3 are embedded into a designated bearing 
strata with their head section rigidly held together by a top covorplate. This typo of 
foundation excels when working in water and can be constructed very rapidly. Even in 
large-flcale projects, sucdi as those highway bridges which link the mainland and shikoku 
Island, titis type of foundation structure was used. For the puzpose of examining the lat- 
eral rosistancLf characteristics and behaviors of the pile groups with free lengths, a series 
of expftiuvor.Cdl large-size models have been undertaken. The results are given as follows. 

As shown in Figure 19, two modsls having different top coveiplate thicknesses were 
fabricated. Various types of tests were conducted using these models and included a lat- 
eral loading te.-t, a frf-" bfihav'nr test, and a fr.rcfia vibration test (the top coverplate) . 
The symbols A, B, and C indicate tlje location oi th^ ap^jlied load and the loading direction. 

Figure 20 illustrates the relation between the average lateral coefficient o£ the 
ground reaction (Kg) and the ground surface di^lacnant, as obtained from the lateral load- 
ing test. Due to the group-pile effect, Ky declined more than in the case of a single 
pile, and it also fluctuated with the loading position. Figure 21 showa the fluctuation 
of as a ratio the central pile, whicr. was set as the standard. The front line of 
the piles took 50% more of this ratio than that of other piles. Figiure 22 represents the 
torsion-spring oonstmt for the oase of an eooentrie loading (loading poction B) . In this 
case, the pile's torsional resistance took 80% of the entire applied torque, while only 
20% was absorbed by the lateral ground reaction. With the multiple-pillar type foundation 
banrlng a lower rigidity # lt.beoosias naeessary to ehsek its torsion rate. 

Figure 23 eStvom the accelerati(») mode, free vibration at the totfar-end postion (C) . 
Table 1 and 2 present tiie results of the inherent vibration £requ«icy snd the danping con- 
stant obtained from the free vibration test and the forced vibration test. 

The inherent period of the multiple-pillar foundation can be determined by replacing 
the foundation with a model of one degree of freedom. The total wass of the ground surface 
is t^en as the mass «fai<di relates to the vibration. K|, is then determined as followBf 

Tcp-cover axial fra* vibration (A) K <* 1.23 kg/cn^ 

Tower axial free vibration (C) * K. = 1.24 kg/em^ 

Fbroed vibration (top-cover position) K ■ 1.08 kg/c«^ 

These values are comparable to or slightly lower than value obtain&d froei U;^- static 
load. 



lV-99 




o 



Fig. Z Cotciilauon (ncflei of single pile 
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Fig. 5 Disfribulion of angle of mclinotton 
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Fig. 6 Difference due to sivportmg condition oi pile tip 
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Fig. 12 CdMMCtion batwMA pilt and footing 
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Fig. 18 Comparison between calculated value and measured value 
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A review o£ the developaent o£ earttaguake design provisions for O.S. build- 
ing oodes is pr«a«Btad. Soggeatad zttvialoM to tha current proviaiena are noted. 

A cooperative project directed toward developing comprehensive seismic design pro- 
visions is described. Hie organizational structure for the project including a 
breakdown of the Task Committees required to davalop Him proviaioaa and wprk state- 
ments for each Task Comnittae axe includad. 

xay Mordst Buildings; building codas ] design j earthquakes; stroctiaral anginaaring. 
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INTRODOCTION 



A.'iikaal property losses from sjuithqjaJ-ies in the United States average approximately 
$14 million. Approximately eight lives are also lost annually. On a cxjtnparative basis, 
losses from flooding and extreme winds such as hurricanes and tornadoes are aiu^ greater 
(1). The sudden loss potential for eartliquakes , however, is great. It Is eatloatadr tot 

example, that if the New Madrid earthquakes of 1911-1912 occurred today, losses WOUld 
probably total well over 50 billisn dollars and countless lives (2) . 

The population growth and increasing urbanization in the United States have resulted 
in a larqe nunber of structures built in seismlcalXy hasardous areas. Biiildlnf oodee and 

rcyulations sotting minimum standards for construction methods and materials are ons nsans 
for mitigating losses from earthquakes. The purpose of this paper is to examine activities 
in the United States directed toward the developeient of ii^roved seisnic design pzovisioD 
for buildings. 

Following is a brief review of the history of U.S. earthgu£ike codes, proposed changes to 
these regulations and a comprehensive project directed toward updating these provisions 
will b9 considered. 



Although earth ::uakcLi havy occurred in many portions of the Unitod States, the most 
seisipically active area is west of the Rocky Mountains. Most of the activity involved in 
developing seismic design reqtiiretnents, therefore, has been concentrated in California. 
Following the 1906 San Francisoo earthquake « the city vas rebuilt under a code which pro- 
vided 30 psf %dnd force to effect both wind and earthquake resistanoe. The Newtonian aaar 
cept in which lateral earthquake for-es are proportional to the mass of the structure was 
employed by structural engineers, but was not incorporated in the early building codes. 
The requirements in the 1927 edition of the Uniform Building Code were among the first 
earthquake provisions to be written into any widely used building code in this country. 
Following the long Besdi earthquake in Itorch, 1933 and passage of the Pield Act in Cali- 
fornia, public school buildings were required to be designed for lateral forces rdngln;^ 
from 2% to 10% g. The Riley Act of 1933 required all California buildings, except certain 
types of dMallings and fam buildings , to be designed for lateral foreaa. 

Since the time of these early oode requlranenta^ eartiiquake provisions have oontlnoally 

evolved. A significant step in this process involved the formation in 1948 of a Joint Offla- 
mittee on Lateral Forces of the San Francisco Section, A;;c:-,, »nd the Structural Engineers 
Association of Northern California. The lateral force proviyior.y advocated by the commit- 
tee were baaed on Biot's work on earthquake spectra (3) . Following formation of the Seis- 
Mology Coamittee of the Stxuctural Engineers Maoelatlon of California (ssaoc) la 19S7# 
the fixat editl?r. of a ouinpr e h eneive set of regiiitwsiita was pubUahed as "naeenneiMM 
Lateral roree Requxrementa" la 1959 (4) . ilisse have been eoafeianally updated and the 
latest edition published in 1973. 

Following the san Fernando CartliQuake in 1971, revision of existing seismic code re- 
qoireaientB received considerable attention. A dynsnie type oode utilising in an ei^licit 
fashion the response spectra obnoqpt was prt^sed for tbe City of Los Angeles. New re- 
quirements were developed for hospitals and other critical facilities in California. Alse« 
various Federal agencies Including the Veterans Administration and the Department of 
Health, Bducationr and Welfare developed new seisaic design criteria. 

Although many of tiie pz^yposed new seismic provisions are similar, eonaider^le dif- 
ferences exist in many cases. As a result, It Isecame apparent that a need existed to up- 
date U.S. seismic design provisions. The next section describes a conf>rehensive project 
in this area undertaken by the Mitiotuil Buretitt Of Standards (MBS) and ths National Soienoe 
Foundation (NSF) . 



HZSTomr OP eadtuquaxs codes in the tmiTEO states 
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IMPROVED SEISMIC DESIGN PROVISIONS 



Th* lut Mjor revision In seismic code provisions In the U.S. occurred in the I960**. 
Slnoe that tiin, there have been significant advances in knowledge of the response of 
building systems to seismic ground motion and correspondiMcjly in analytical techniques and 
design procedures. One of the recommendations developed at a workshoip on disaster mitiga- 
tion sponsored by NBS and KSP iB 1972 (5) indicated that wodml eoda pzwislam tor salsnie 
design slKMild b« pmpased on a top priori^ basis to bring the minimum level of practice 
into line ¥ith tlia eurzent state of knowledge, similarly, the Joint SEAOC-ASCE Ooinittee 
on Seismic PoEoaa ge o o— en dsd strongly that exieting aeisadc design requirsaienta be re- 
vised (6). 

ta part of the Cooperative Federal Bregram in Sulldiag PractioM for Disaster Mitiga- 
tion, NBS and HSP initiated a project to develop caqpr^MBsive nationally ^plieafale seis- 
mic design provisions. Ale overall project involved two phaee*« as outlined in the follov* 

ing discussion. 

Phase I - Bvalaation of We^onee SpectrTsn jipproach 

Many of the proposed revisions to seismic design provisiona advocated a response spec- 
trum approach and the Joint SEAGC-ASCE Committee felt that if dynamic design criteria were 
established, a spectrum approach should be used (6) . Recognizing this, NBS initiated a 
project in May 1973 to evaluate such an appxoa^. The scope of this effort was confined 
to a study of thm practicality, additional costs, and relsted effects, working with de- 
elgn professionals and researchers, a set of provisions for the design of the structural 
systems of regular buildings based on a response spectrum approach was developed by a five- 
aan Engineering Panel from the Applied Technology Council (STC) . AlC fonetions as the 
research am of the structural Bnginears Association o£ California. 

The NewmarkHlall response spectrum method was used in developing the provisions to- 
gether with groxind motion values for acceleration, velocity, and displacement representa- 
tive of a given site in Southern California. Two sets of spectra were used. The first, 
the Damage Threshold Spectrum, was assumed representative of moderate earthquake motions 
•t the site hHving a snderately low prabsbility (sbout 50%) of being exceeded during the 
life of the stmotnre (70 y«axa) . Vbm design philosophy adapted was assueption of the ac- 
ceptability of the prevention of significant structural damage during such an earthquake. 
For the second set of spectra, the Ccl lapse Threshold Spectrum representative of major in- 
tensity earthquake motions at the site having a very low prability (about 10%) of being 
e a eeed a d during tiie life of tiie structure (TOyeare) , it was ass«ned amepteble to prevent 
oollapse of the sttuetural ^ten. 

The design provisions were based on a linear elastic modal analysis using the two 
sets of spectra. Ductility modification factors were employed to account tor the effects 
of inelastic action, structural members were designed using available ultimate strength 
prewisions for conorete and steel and factored allowable stress provisions for masonry 
and wood. 

Following development of the design provisions, tiicy wcro applied in the redesign of 
eleven existing California buildings. The building?; selected fcr this phase cf the work 

are indicated in Table 1. Note that the selection includes a sampling of basic construc- 
tion asitecial* taoigbt of strooture* and type of lateral focee resisting aystsn. The orig- 
inal design fins for the buildings were oonnissioned to do the redesign in accordance 
with the nsw provisions. Since the buildings were originally designed using varying cede 

requirements in existence at the ti:nf:, they were all first redesigned to tlie provisions 
of the 1973 Uniform Building Code (UBC) to provide a common baseline for comiarison. 

The eost involved in applying the new design provisions was evaluated. The differ- 
enoe in constzuetien costs resulting from the new provisions as conpared to tiie designs 
based on the 1973 OBC %«re determined. In addition, the extra engineering costs assoc- 
iated with the new provisions as compared to the engineering costs required to apply the 
egnivalent static ftacoe pcovlslens of the 1973 OBC were deteradned. 
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A final report including th« design provisions and comnentairy, the results of the re-> 
design study/ analysis of the cost noted above, and recoaur.endod modifications to improve 
the design provisions are contained in a final report currently under review. It is an- 
ticlpat«l that this report will ba piAllahad by July 1974, following r«vl€nr by MBS« th« 
snoc Miaaology Ooiiiiitt««r aaA etroctoral eagliMara Cton Gftllfornla. 

Pkmam n - Oipr»haMiv» ltetiai»lly appllcibla >royl»lcn» 

The 8tu^ described under Phase I was of limited scope. Flrstr it only considered 

Mimic dacign pxovisions for atructural aysteas. Seoond, tba ganuml pxablm of risk 
analyslc and dstandnation of seiaaio CnreeB was raatrietad to one site in southexn Cali- 
fornia. Numerous other factors must be considered in establishing conprehensive provis- 
ions applicable to seismic design throughout the U.S. (6) . To develop these provisions, 
MBS and NSF working with ATC initiated a second project in December 1973. The provisions 
will be. baaed on the ciuxent state of the art incorporating the latest research results 
in eaztiiqiiake engineering. Ihe organiaatlanal phase of tJiia project was reoantly mmr 
pleted and it is anticipated tiiat initiation of tbe work to develop tite pcovialons will 
begin in July 1974. 

Since it is intendsd that the provisions mIU be national in scqpe and adaptable for 
iaplaaentatien by existing nodel code groups and oonsensiia standards ox^anizations, broad 

based participation in the project was necessary. For this reason, two groups were estab- 
lished to participate in both organizing the work and serving in an advisory capacity 
throughout the course of the project — a Seismic Design Review Group (SORG) and a Building 
Code Consultant Otovi^ (BCOG) . These tmo groups together with ATC, nbs, and nsf detereined 
the MsgaalMtianal ooMittee stxwctiire and work statansnte for the oosBiitteea to be 
cdHUcged with developing tbe provisions* 

The SDRG is confjrised of national authorities in earthquake engineering representing 
both the design profession (architects, engineers, geologists) and the research caosMnity. 
tliey will partleipata in the tadmloal aveas of the pxograa. the BCOG opnalats of eoda 
enforcement officials firaai throughout the O.S. representing nodel oodee and state and local 
regulatory groups. Ihla gsoiip is diarged with advising on the structuring of the fonat 
and oontent of the new pzovlsiona as related to iqplansAtation. 

The organisational Structure established by tAsse groups to develop the new provisions 
is shQHn in Figure 1. A total of five task groiv* aach %d.th a number of cosoittees ham 
been fbmed. An objective and brief woidc statsnent Ibr eaeh group is given in Table 2. 
Detail" J lists of topics to be considered by each eoisiittee and specific qiuestians to be 

resolved have also been developed. 

Referring to Figure 1, the nunbers In parenthesis following each conatittee indicate 
the andser of ooaaittee neiliers. Approxisiately 90 individuals will ba involved In the 

project. In selecting the connittee members, broad based participation from the stand- 
point of technical disciplines (geology, seismology, engineering, architecture, etc.) 
and geography will be considered. Belsnood participation by design professional and ce> 
searchers will be provided. 

Rscognizing that the various areas considered by eae^ oossittee ere inter-r elated, 
provisions have been made for impropriate interactions in developing the varioua portions 

of the provisions. Similarly, the provisions developed by each committee Will bO ZWieWSd 
by the two advisory groups, NBS, and the SEAOC Seismology Comnittee. 

In carrying out the project, provisions have been made for naintaihing liaiaon with 
tiM design professiona, public ^fioialst and other groupa to inform tilSB of the develop* 
Mnt of the pcovlaloaa and solicit tlieir cosnsnts. 

A time period of eighteen months has been establisbsd for ttw work witli an antlci- 
patod completion date of Deceiaber 1975. 
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CONCLUSION 



The activities described in this pap%K represent the first step in the developaent.. 
of iapreved JKri-Uiag pcactloes in the United States to adtiQate losses doe to. earttnqpHJces, 
After eeepleting the deslfpi provieloDS, e eoBtinulDg effort Mill be required to keep tiien 
iq>datecl inoozporating new knowledge as it beeones available. In addition, a substantial 

educational effort should be initiated to present the provisions to rlesiga prefessionalSf 
discuss their interpretation, and facilitate aPP'OPi^iate in^lementation. 



1. Sav, G. Thomas, "Losses Due to Natural Disaster," National Bureau of Standards Internal 
asport , Ifaslxington, D.C., 1974. 

2. WigginB, John H., "Toward a coherent Natural Basards foliosr, ' Ci^il Bnginaering Maga- 
zine, Jliprll, 1974, pp. 74*>76. 

3. Rinne, John E., "Building Code Pxoriaiona for taelsnio Design," Broceedinas , BSRI Syai- 
posiUB, June 1952. 

4. Recomtnendod Lateral Force Roqutrcnfjr'-' :- - and Coniroentary , Selsmoloqy Conmitt.ee, Sliuctural 
Engineers Association of California, 171 Second Street, San Francisco, Calitornia, 
1973. 

5. Bnilding PrsctAess for DLsaster mtigatioo. Building Scienos Series 46, national Boreao 
of standards, Washington, D.C., Fsbmary, 1973, 

6. Degerikolb, Henry T., Chmn., "Basic Design Criteria of the Recommended Lateral Force 
Saquirements and Commentary," Journal of the Structural Division, ASCS, Vol. 98, No. 
SI9r Fzoe. Paper 9182, Septssiber, 1972, pp. 1913-1922. 

7. Uaifora Bydldinq Code Standards, 1973 Edition, International Conference, of Building 
OffieUls, 5360 souti) Workaian Hill Aoad, Nhittier, California. 



FEPEREMCES 



IV-117 




TMI£ 1 



9BST KIII1OXH66 FOR fSSPONSB SPBCTHDK PMOVISZONS 



1 5 storias 

Ouetile r«lnforo«d concwte frim 

2 19 Stories 

Steel frame; moment resistant In one direction 
Bracfid in the other direction 

3 10 stories 

Reinforced concrete frame in one direction 
Sheer tnill in the other direction 

4 14 Stories 

shear wall 

5 7 stories 

Shear wall 

« 2 stocieB 

steel frame with vertieel bracing system 

7 3 Stories 

Masonry shear wall with ooncrete^netal dealing dlaphraga 

8 » Stociee 

Shear wall with vertical load-carrying oonexete frame 

9 1 stoiy 

Tllt*^, plywood diaphragm 

10 2 Stories 

Moment reaiatant steel frame 

11 1 Story 

Masonry plywood diaphragm 
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TABLE 2 



OMIZTTBB NOKK SIMEaiEans rOA DEVKLOniBNT 
OP OOMPRBHBNSIVB SBXSHXC DESXm PDOVISXONS 

Twdc Gzoiv Ho. 1 - CBfinitloB of salsmie Znpat 

Engineering Scisnioloj'/ Cnrnrattee 

Objective: To devi?loi_. Lhc _-i^nc(j{- 13 i.'ivoivtid ond to describe the procedures 
for GLlecting and diiiicribing the earthquaJce ground ■otiona to be 
used in design, and for laying out the Design M«ps. 

StatftMAt of Work: with d-je ccn5?iderat1or. of the regional geology,' and tectonic 

structure, rJiatai«--e frux activj ar [--c^tontial Ly active faults, 
historii:dl records and geolosjical evidence of thu location 
and intensity of regional earthquakes, and the recurrence 
intezval betwmn wjor Mxthquakas, d«vel«{p umim of diarao- 
terlKlng the etxtbqiaAe ground notions that tfhoold be need 
for both dynaatie and pseudo-static design. 

site and Foundatioit Effects Coirpiittee 

Objective t To develop the coaospts involved and to describe procedures for 
evaluating Am factors tliat affect ground aotions end stability 
at a site. 

Statement of Norki consideration should be given to all possible site and foun- 
dation factors that affect motion intensity* notion frequency 
distribution, and soil-structure interaction including t 

Distance from seismic source 

Travel path from source 

Type of seisnio sooxoe 

site geology both vertically and laterally 

Other factors as listed in the attached Guidelines 
to Geologie/seisnie Reports 

Hirit Jtoalyeis Ccmittee 

Objeotivet To develop the concepts involved and to describe procedures for 
evaluating the seisnic oaqposure and risk potential for a given 
site, area, or region. 

Statement o£ Worki Evaluation of seismic risk should take into account the 

available seisnological and geological information perti- 
nent to the oeourreBee of earth^akes. The probabili^ of 
eartiiquakes of various magnitudes occurring near a building 

site, and the probabi]}ty cf gr;i;nd shaking of various in- 
tensitiei; at the liite nhculd Lu cor.sidered. (A Structure 
at a site wr.tre strorig stiakmg is to be expected once in 
500 years should not have the seune seismic design criteria 
as a structure at a site where such ground shaking is eic 
pected once in 50 years) . The evaluation of seisnio riSk 
should include consideration of special geological condi- 
tions such as proximity to a major active fault, extrome 
softness of foundation soil (fill, bay mod, etc.), potential 
landslides, or potential soil liquefaction. 
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A performance crltaris adaptable for a building code 
should logacdlly be based on tiie notion of acceptable prob- 
ability of experie:.'.i:iy Jjinayo m-jrc severe than some speci- 
fied dxi<jTee of dajnage. Seismic Design Zoning Maps should, 
therefore, reflect not only the probability of ground shak- 
ing of various intensities, but should also reflect the ac- 
ceptable probability of exceeding a specified level of dana^a. 
Level of dainage should reflect lift; .safety corisiderations , 
and for critical facilities should also reflect maintenance 
of function, and should ba baaad on typical atnctures. 

llie analysis of seismic risk enoompasaes «mo separate 

aspects: the relative risk exposure for different seismic 
areas and the level of seismic risk to structures which will 
be considered acceptable. Considering all available infor- 
nation such as historical records, geologic inforoiation, and 
regional tectonics, develop procedures ft>r estimating the 
prnb.ahnity of occurrence of different levels of earthiquake 
mot;orj at a site or area. In conjunction wiU: Task Group 
No. 2 and utilizing available data, develop .iietliods for eval- 
uating the effects on structure design and construction of 
the different notion levels. 



Task CxoVcp No. 2 - structural Behavior 

structural Design and Details Cotnmittee 

Qbjeetivet To develop datailad aelenic design proviaions with assxojBicLitn 

nentary, suitable for adoption by bnlldlng oodB* in all areas of the 

' ' ' United ■ tates, for the structural design and required details for 
^" ' earthquake resistant design in concrete, netals, timber, and masonry 

considering Material properties, eana'tnactijam capabill'tleB, end mmm~ 
ber stresses and ductilities. 



StatCanent of HtNriti rt i? aps-aned that oti-.er task group conimittees will define 

tl"^ appropriate d*isiijn ground raotiORS, effects of soil-struc- 
ture interaction, level of risk, importance considerations, 
and the structural analysis methods required to determine 
BmA>er and eleaeat forces and defonations for design pur- 
poses, including the effects of setitaeks, sudden changes of 

"' ' ' stiffnegg or mass, torsion, and three-dimensional loadings. 

Determine and def:ne the appropriate material design 
Stress or deformation levels required to achieve suitably 
unlfocB factors of safety and the regoixed level of duotil- 
ity achievable with various naterials. Define tiie details 

of cf.nf.t'-ucti on necessary to achieve the required ductility. 
National ar.d regional material specifications may be used, 
but detailed supplements must be added to nsJce the result 
suitable for use in seismic regions. 



Typical requirofnonts nvay be quantitative design require- 
mentj' for 'jolloctor bar^ , trim barb, degree of tying elements 
of a structure tcxjether, panel zones, P-i effects if large 
ductility factors are permitted, specific requirements re- 
lated to andiorlag parts of a building togatter (parapets « 
tilt-up walls) , diaphragm action, and acoonipanying details, 
necessity for coirplete force path, etc. Criteria are also 
requ:red for shear wall desicn, interaction of walls and 
frames, differences in performance of various fraadng methods, 
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i>asenent wall pressures, necessity for or <ie8i9n netbods for 
trnafarrlDg frevnd moULou to stmettics (pile bending)*, ete. 

Stractural Analysis Committee 

(tt>jeotivet To develop methods for determining the design forces and/or defoma- 
tions in the nembers and joints of atztl0tnre> Olll— <1 hjf the eetiM 

of the specified earthquake input. 

Stateeant of Morltt Metiiode ahell be developed to define values of earthquake 

responsa quantities included in the structural system tdiiefa 

are suitable for use in design. Since the design earthquake 
may produce structural stresses or strains which are signif- 
icantly gre if pr than the elastic limit of tiM Mterials, tho 
Mtbods shall be capable of xeoognleing thon conditions. 
Bephasis shall be placed upon approKiniate analysis procedure* 
because the approximate nature of the design earthqixake pre- 
cludes any exact analysis, but different methods shall be 
specified for vturious classes of stnetnrss dsipsndlttf OA the 
eo^lexity of their ^foaaiie ce^oose*. 

In order to ejqpedite the work of other Task Comrnltteea, 
the Structural Analysis Committee should first priority, 
decide on the general types of analyses and conditions or.dar 
which they are appxopxlate. Those results should then be 
dlsBSttlnatsd to the otiisss. ttis co—l ftmm Aonid thsn tvpn 
to develogplag detelle of the snelyties]. p«oceaares> 

sell-stKUCtmge intsrsetlon Cosnlttse 

Objective t TO devtloip pxooedares for dststaliiing whan soll'^trocteso Intecsctlen 
effects sxe slgnifiosnt snd dsslga pcowlslonB to proeids for ssms. 

StetOBsnt of Iforki Under certain conditions, there is signific«uit interaction 

between a building and the soil on which it bears. In effect, 
ths soil and the structtire together constitute a systen that 
respoods to the free field saiaaiic ootioii* Mhece the natural 
periods of the stmeture, idien asstnaed to be on • rigid base* 
tend to coincide with one or more natural periods of the 
supporting soil, there may be greatly increased anpllf icatloo 
of the building's response. The dynamic characteristics of 
Of the building may bo significantly affected by tiie eoepll- 
anoe of the soil, in sons eases, the building aay affect 

the soil as, for exan^ile, the weight of the building or tilO 
rocking of the building raay cauae a decrease in ultimate 
soil bearing pressure when there is excess pore pxasswre in 
the naterial from liqiia faction at Iciier levels. 

Quality Aiwaranoe Oowitf.ttee - stmctairal 

Objeotlvei To prepare a atate«of-tite-Brt zepoct and qoall^ sasnraiMS provisions 

regarding : 

1. (2uali^ contxol of struotoral materials at the nanifaoturer 
and in the field. 

2. Acceptable tolerances in fabrication (shop and field) and 
oA-aito oonstroetion. 

i. zmveetlonr^oallfloatloos* dntlesr auUiori^, and vonpensi- 
bllity of iaspeoters and of design englnsor. 
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statement of Work: The effectiveness of a design is unly as gaud the raa bur- 
ials used and quality of the actual construction. The Com- 
taittae shall ateudy preaent materials and pcocedtures, develop 
preferred qpeoifiee^oos end prooeduresr end pceeent ssm in 
fomat com pe t l M e with tiiose used in building codes. 

Task GzDV No. 3 - McMi-6tzucfciiral Oaspainents 

Architectural Systems Conwiittee 

Objective: To study the effects of earthquake-induced structural deformations 

on architectural systerr.s and to develop appropriate design guidelines 
and provisions to minimize life-safety related damage to architect- 
ure! systesB. 

Statentent of Work: The Committee should consider xn their deliberations seismic 
design requirements affecting erchiteotural oansidsrations 
including the following > 

1. Size - Should there be limitations on imdivided 

floor areas; should sub-buildings be om^ 
slderedj ex* volume restrictions epplioable? 

2. Shape - Should there be limitations on proportions 

Of areas and volume; should sub-huildinfs 
be considered hcrisontally and vertically? 

3. Dimension - should there be any ultimate limitation 

on dimension; should there be conditions 
that would reduce such limitations? 

4* Cirouletion - should egress requirements be restated 
as to protection offered — distance, 

nu^ier of routes? 

5. Neteziels - Should type of aaterialB used restrict 

other limitations? Should chemical or 
physical properties restrict material 
selection? 

6. Detailing - should finish neteziels be eanmeeted 

to structure? Should strengtti of ooft» 
nections be controlled? Should provi- 
sions be nvide so that structure elements 
can move independently (within liiaits) 
of oladding« partitions, ceilings, and 
otJwr non-structural elements? Should 
seeandazy ettadnent systems be rOQUlxed 
or is e single sndioEage qratem edaqoate? 

7. Biittipnsat - should moveable equipment be restricted} 

should aqnlpimant design be controlled? 

S. Danage Control systems - should self-contained alarm 

and /or support and/or ex- 
tinguisher systems be r«* 
quired? 

9. Xnterrelatioas - Should cations be given the de- 

eigner axA/ot client throu^ se^ 
leotion of orstems effecting other 
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requirements? What about affects 
OD adjacant buildings or psopls 
ou««ld« ths building? 

Mechanical-Electri c al S ystems and Equipment Comtaittee 

Objective t To evaluate problaaa involved with life-safe^ as related to neduai- 
ioal and electrical system and equipment, to deteznine ehich systssw 

aiid -^quipn-.'jnt should be subject to seismic resistant design, and to 
develop design provisions consistent with design levels (or quality) 
specified for tiie building structure. 

Statenuit of Worki The oowmlttee slioold oteke a detailed review of danage data, 

existing provisions, if any, now listed for seismic-resistant 
design and develop seismic design guidelims and provisions 

for life-safety system* 

Present efforts diould be United to nedhanieal and 

electrical systems that are supporti-c t- the tuilding func- 
tion, i.e., heating, ventilating and ull w^au^L^jning systems, 
elevators, emergency power (for essential systeiRs), light 
fixtures, etc., and operative systems for critical facilities. 

Considerations should be given to structure-systeit (or 
equipment) interaction or coupling, equipment or system re- 
sponse to dynamic motions^ interaction betweea equljpnent, 
and better detailing. 

fflality Assurance Oawri.ttBe - Ardtitectural* lie<ai«nicalf and gleotrical 

Objective: To develop the cuncepts involved and to describe procedures for en- 
suring effective quality assurance for Architectural-Mechanical and 
Electrical systems and/or equipsisat. 

StatsmoBt of Norkt The Conndttee should study present quality assuzance proced- 
ures to determine whether or how they should be nodifled or 
expanded to ensure that design, fabrication, snd construction 
br architectural-mechanioal and electrical systems and/or 
equifoent will function as contaaiplated by the design pro- 
visions developed by the otlier Task Graqp Mo. 3 OoaoittMa. 

Task Group No. 4 - Liaison and FonucLt 

Liaison and Information Pissemination Onmntttee 



Objective: to assist the Task Committees in developing liaison with the design 
professions and public officials so as to inform them of the develop- 
ment Of the design provisions and to solicit their eomnenta. 

Statement of Uotkt The OiMsnittee should woi:fc with tiie other Task Groove and 

Committees to ascertain their progress and to develop ap- 
propriate means of Informing the design professions, public 
officials, and the public of the development of these design 
provisions and the potential future benefit from using them. 

The Comiittee should consider the need for informing 
the many interested groupe on a timely basis. 
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Doiqn Provigiong Format Connaittee 



Cbjaetivtt To edit design provisions prepared by other Ta^v Groups and CocnnitteeB 
into •dltorial format compatible with those used oy building codes, 

St«t«iiwit of WorX: The Connittee shall work with the Building Coda Consultants 
Gxeop to dsvslap a foxnat ootltna and diatxUiuee saaa to tlw 
TaA Qroqps and their Connlttees. Hm GoiMittae dhoold as- 
sist Obmlttsss as xaquired and edit dxa£t aatsrial befbxe 
issuancw to ontsids gzovvs* 

ttE«V Mo. 5 > BKisttng Baildlngs 

Inspsetion ana Bvalttation of Pitaqs OqwiAttss 

Objective i To develop procedures and criteria for assessing the structural safe^ 
of buildings 8vb:}eotod to eartbqpake ground notions. 

itltwnt of llorki Xt Is oftsn dlffio«At to quickly inspect and fully ovaluato 

the structural safety of a building and its components after 
it has ha&n subjected to significant seismic ground notion. 
It is necessary for the protection of the public safety that 
ordsrly and sf f iclant proosdncas ba davaloipad for Inspaeting 
danaged structuros and dstexninlng nhether or iM>t thsy ar« 
safe for human occupancy. There is also a need for develop- 
ing procedures for evaluating the damage in detail to deter- 
■ins whotlMr rqpair vorfc is raqoixod. 

Pzooadurss and criteria shall bs doveloped by whicA 

buildings can be inspected and damage evaluated so as to 
determine whether thoy axa sale for itomediate occupancy. 
Procedures and criteria shall also be formulated for assess* 
ing the extent of ttm damage and the amount of structural 
r^air required. 

Jtepair of Earthquake Damage Committee 

Objectives To develop procedures for determining the extent « type, and adequacy 
of xsquirsd Mipsirs of osrthgnafce-damsged buildings and o oppo n snts 
so as to snsors life ssfsty* 



of NOllci Procedures and criteria shall be developed '01 termini ng 

the extent, type, and adequacy of repairs required to ensure 
tba stsuefcursi stability of earthquake-damaged buildings and 
eovamsnts. Rspairs to both struetaral and nonstruotnral 
elemnts shall be considered Mhere their failure or instabil- 
ity under normal or earthqueike conditions OOUld endanger 
life safety of occupants or passer-bys. 



BTSlnstion of Saistina Buildings ooBaittee 



I To develop procedures and criteria for inspecting and evaluating 
existing buildings and structures for possible structural inade- 
quacies tliat aoiAd endanger life safety in the event of sn esrtii- 
quake. 

of Horict ft large proportion of existing buildings were built bsSnro 

adequate seismic design standards were developed ttnS oonnoo- 
tions, ties, mortar, etc. have deteriorated. Many of these 
buildings have conditions that are potential safety hazards 
in the event of an earthquake, such conditions nay vary 
from minor aippendagss to psraipet walla to the entire structure. 
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Provisions ^all be developed delineating procedures 

and criteria to be followed in evaluating such poteatial 
hazards and detexsnining the extent of strengthening 
required. 

Strencrthening ef BTagardoos Buildings Oonnilttee 

Objective: To develop miniinvun standards for strengthsning of existing buildings, 
outline priorities for strengthening based on potential hasard and 
formulate piooeduree for evaluating tite adequacy of prO!posed atrengtfc- 
ening measures. 

Stat^aent of Work: Other committees in Task Group No. 5 have the responsibility 
for developing procedures and criteria for inspecting and 
evaluating earthquake damaga, repair of such danaQe; and in- 
spection and evaluation of existing structures for potential 

hcizatds. DiiG Cotnni t tee shall develcp niriinurn standards, for 
strengthening s -ructurc-s which have been deterroi;«»id to be 
either hazardous or inadequate for earthquake resistance. 
Procedures for establishing possible priorities for strength- 
ening based on degree of potential hazard or life exposure 
shall b-o do'.'elcped. Provisions Tor evaluating the adequa.ri' 
ot proposed strengrhenxng measures shall also be toxmulated. 
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WIHD LOADIKG WiD MODERN BUILDING CODES 
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Washington, D.C. 



The differences between the dynamic alongwlnd response, the ^ust factors, 
and the total alongvind response obtained using various current procedtires nay 
in certain cases be as high as 200%, 100%, and 60%, respectively. The purpose 

of this paper is to investigate the causes of such dif fercri - js . To provide a 
framework for this investigation, the paper presents an overview of the questions 
involved in determining alongwind structural response, and a critical description 
of the basic features of procedures currently in use. A conparison is made be' 
tween alongwind deflections of typical buildings selected as ease studies, cal- 
culated by both new and traditional procedures, some of which are described in 
various building codes. The reasons for the differences between the respective 
results are pointed out. The procedures were evaluated on the basis of a recently 
developed method which utilises a logarithmic variation of wind speed with height 
above ground, a height-dependent expression for the spectrun of the longitudinal 
wind speed fluctuations. The method also allows for realistic crasS'^OOrrelations 
between pressures on the windward and leeward building faces. 



Ksy HordS! Building codes; buildingsi deflections; dynamic response; giist factors; 
structural engineering; wind loads. 
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IHTRODUCTIOM 



Following an increasing recognition of the importance in tall building design of the 
dytmmic effects due to the gustiness of wind, several procedures for computing aiongwiod 
response have been proposed in the last decade (6, 19, 24, 25) . Two of these procedures 
are described io Bef. 1, bereln referred to mm tbe ASS. I stenderd, end In ftofs. 5f 11, 
herein referred to es tiie MBC. Uttm purpeie of tiiese procedure* is to oeleulet* equivslent 
: static loads idiose effect upon the struetore is tiie sane as tliat of tbe gusty wind. 

For a given structure in terrain of given exposure and in a given wind cliaatai it 
■igbt be e^eoted that roughly eooparable equivalent static loads (and, thereforSf eoapar> 
able valnes of tiw calculated response to wind) will be obtained regardless of what method 

of coiTfUtdtion is used. This, however, is not the case; 'ia- ■ i-. reported before (25), 
depending Ui:;on whet)ier t)ie procedure described in tiie A58.^ „l.j;.uuid or in tiic; NBC is usud, 
values of the responao that may differ considerably from each other are obtained. .-^uch 
differences nay be as high as 50% or more. An investigation into causes of such discrep- 
.aades is tiius believed to be in order. 

such an investigation is the intent of this paper. To provide a framework for the 
inveatigatioM, an overview of tiie question of alongwind structural respionse will ba pre- 
sented first. This will be followed by a cooparativa analysis of the vjurious procedures 
pteaeotly In A coqparlson will also be peesmted between response obtained by these 
prooediires and that obtained 1^ assuaiing wind loads traditionally used in structural de- 
sign and specified by various building codes. On the basis of these coqparisonSf an as- 
sessnent will b* mds of tbe prooedusss analysed. 



ALOMOMIIID RBSrOHSBa AH OVBRVISM 

As a franowork for the evaluation of current procedures for computing alongwind re- 
sponse, an overview of the questions involved in determining such respoase is presented 
in the following. These questions include the relation between along'^^ind response and 
wind pressures r the relation between wind pressure and wind spssds, and the definition of 
wind speeds as functions of hei^t ebove ground, roughness of terrain, climate and de- 
sired level of safety of the Structure. A sujBmary of rolnMons di fininy thi? .ilongwind 
response in tormsi of mechanical and environmental parameters will also be presented. 

Relation Between Alongwind Response and Fluctuating Wind Pressures 

It is known from elementary calculus that a periodic function may be eiqpressed as a 
sum of fluctuating harmonic components with discrete frequencies. Its mean square value 
can then be expressed as the sum of the square of the amplitudes cf the harmonic compon- 
ents. Similarly, a stationary random function F(t) nay be viewed as a superposition of 
fluctuations of frequencies n, with n covering 1^ entire interval fm sero to infinity, 
while its aean square value may be eiqpressed as a sun of contributions associated with 
' theM fluetnatlOM* l.a.i 

^^^^^ 

F2(t) - / Sp(n)dn (1) 
■ o 

Ttae quanti^ Sji(n) is a measure of the magnitude of the fluctuating ooqponent of frequency 
- n and is known ss tiie sp*ctral density function of f(t). 

Consider a linearly elastic structure subjected to the action of a stationary random 
force Fp(t) cl known spectral density Sp (n) and applied at a point P. The spectral den- 
sity of the fluctuating deflection a' (t^at some point H of the structure can be shown 
to be <X6) 

S (M, n) = H*(M, P, n)H(M, P, n) S_ (n) (2) 

a 

in which H<M, P, n) - mechanical admittance - response of the structure at point M due to 
action at point P of a unit oon(plex haxnonlc farce, and ll*(tt, P, n) ■ oo^lax oonjugata of 
HOT, 9i n), 

w-iaa 
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If the structure is acted upon by two stationary random forces Fj- . 'i; and Fp^Ct) ap- 
plied at points P^, P^i respectively, the spectral density of the response a' (H, £) can be 
•bawn to be (16) 

S^{K, n) - H*CM, n)H(M, ^i, n)S^^ (n) + H*(M, Pj, n)H(M, Pj' n>Spp <»I 

+ H*(M, Pj^, n)H(M, P^, n)Sp j. (n) + H*(M, P, n)H(M, P,, n>S- - (n) 

In whlOb S- . (n) ■ ccoss-^otral density function of F.. (t) and F* (t) . If F« (t) S 

'^9x^2 * * 

'n.C^)' ^^BD p (n) > s. (n). Mstbods for oooiHitlng «. (n) are descrlbea in IMfi. 

''a ^1^2 *1 *i *2 

4, 16. Vhe iiuginazy pert of the croes'-qpeetx'al density function is knoim as ttm qwadzatuxo 
spectrum and has been found by nsasurenant to be neglifribly snail for sMt wind snglBSsrlng 

purposes (6, 8, 24, 26). 

If the quadrature spectrum is negligible, it is convenient to enprees the cross-^ec- 
tral densi^ of two functions F- (t) , f„ (t) in the fom 

^1 ^2 * 

S_ _ (n) = sl/2 9ftB^t F,, nJ (4> 

in Mhlcb %CPif n) Is the square root of the coherence function and can ttstaally be de- 
texnlned only on €tie basis of eiqwriaient. Rp(P]^, Pj/ n) is a measore of the extent to 

which the functions F.j (t) , Fp,(t) are correlated. If these functions are perfectly cor- 
related (e.g., if Fpj^(C) = Fp^tt)), then Rp(Pi> Pjr n) = 1. Otiierwise, Rp(Pi> P2» n) < 1» 

Bijuation (3) can easily be seen to reflect the obvious fact that the response due to two 
forces inoreeses aa their correlation increases. For exaeple, aS8«ddng Sp (n) b Sp (n)f 

1 ^2 
= 0. Poorly 
wock at evosa- 
puzpoeee. 

If a distributed stationary randan loading is agpplied to an area A# Bquation (3) nay 

be generalized (16) : 



S^(M, n) will be twice as large if R^d*],/ * ^ than if 1*2' ~ 

correlated randon foccee nay ^us be thought of as forces «M.c»» in a sense. 



S,(M, n) ■ / / H*(M, P,, n)H(M, Pj, n)s (P^, P2, njdA^^dA- 
A A 

- / / H*<M, Fj, n)B(N, Fj, n)8V2(Pj^, n)S^/Jjp^^ n)lL(Fi, Fj, iDdAj^dftj 

A A W r If 



in irixich p^, P2 ^ oenters of eleatental areas dl^^ dA,; s (Pj^« n), s (P2/ n) , Spt^i' '2' 
spectral and exnee-qpeotral danaltiea of preeBures at peuita F^* ^Lt^ir F.» n) ■ cnos 
correlation coefHcient ■ smiare root of octaarenoe functiott. The nechinloal Miittanee 



SQuare 

function incorporates the paransterfl desoxibing tbm nschanlcal pxopecties of tike struottiKis 

and nay be e^qpressed as t 

t:j.fM)Ug(M) 

B*(H» F^, n)B<ll, Pj. n) = n ~Z ~ 

X 8 16n^ M n*n* 

(1 • n^/o^d - nVnJj ♦ 4B^.Cb/hy} (a/h^) 

1(1 - nVnJ)* + 46V/hjH{l - n^/taj)^ * 

in which H^, "r* ^r " "^^^^ shape, generalised naaSf natural frequency aoA deeping 



xatLOf XMpeetlvalYf in the node. For a balldiag of hoight H 

H . , 

Mr - / «i(»)d« (7) 



where z = height above ground and miz'i = mass of structure per u«it height. It follows 
from Equations (1) , (6) , and (7) that the mean square value of the fluctuating response 
of a linearly elastic structure can be obtained if, in addition to tha geoMtzy and the 
■edianieal pzopertiee of tiia structure (ness distribution* nodal shap«s« natural ftaqaatt^ 

eies, and damping ratios, including aerodynamic damping which can be determined as shown 
in Ref. 2b), the spectral density function and the cross-correlation coefficient of the 
pressure fluctuations are known. As will be shown subsequently, these quantities can be 

determined using basic aerodynamic considerations and relevant information on the charac- 
tariati(» of the ateoaphaxa boundary layer. 

jmredynanie Considerations t Relation Between Wind Pressures and Wind Speeds 

nie pressure acting at a point P of elevation s on the surface of a building innersed 
in a flow Mhiclt hae a steady >"*<ua veliscity v(b> aay be e^preasad as 

p(P) = 1/2 PCp(P) v*(a) (e) 

In this expression v(z) ■ undisturbed mean velocity of the flow, i.e., its velocity at a 
•uffleiently large distance vqpwind fzon the building, and C is a dlaansionlass mean prM* 
sure coefficient. Wox blunt bodies in turbulent flow, C-(^ oan usually be datennined 
only by experlnent. 



For the windward and leeward sides o£ a rectangular tall building, the mean pressure 
coefficients spaclflad by the ASS.l standard ace €y «• 0.8 and C^^ = - 0>6> raqpactively . 
Wind tunnel neasureinents reported by Baines (2) aoggest that ttiese values ara^ on the 
Bvarage, conservative. MLso, neasurenents indioata Idlat BSan pMSSura ooaffioiants for 

full-scale buildings are smaller than those obtained in Wind tannal tests, i.e., are 
slightly decreasing functions of Reynolds notnbcr (11). 

An extension of Equation (8) to include tbe effects of velocity fluctuations takes 
tha Com 

p(P) = p(P) +p'(P) = 1/2 oC„(P) tv{«) + v'(s))* + lpC„(P)B(z)vMs, t) (9) 

P 4 w 

in which p'(P) and v' (<) ■ pressure and velocity fluctuations, C|.(P) =• added mass coeffi- 
oiant and B(b) - widtii of stmotttM. Aio last tara In equation ?9} is known as tha added 
■ass term* The question oC Its relative inportanee in Equation (9) has been exairfned fay 

Vidcery and Kao (26) . On the basis of wind tunnel pressure neasurenents (8) , these 
writers shcrfcd that in determining presaures on buildings the added mass term may be ne- 
glected. The contribution to this term of its low frequency components is insignificant 
because the accelerations of these components are very small (26) . To explain tha e^qpari* 
Mental results of Befs. 8 and 26, according to tihioh tbe contribution of the hig^ fra* 
quenoy oosponents is also negligible, it may be argued th»t, while for ttie ssiall eddleis, 
the accelerations are large, the corresponding added mass coefficients are very small. 
Indeed, while in the case of an infinite mass of fluid being accelerated with respect to 
a body Cp, in the case of a turbulent eddy the accelerated mass is of the order of 

the edd^ size and, therefore, decreases as the frequency increases. Ihus, neglecting the 
added nasa taai, it follows frott Bqoationa (8) and (9) , . 

P'(P) '=^Cp(F)v(z) v'(z)[l + 1/2 v»(z)/~(z)J (10) 

If v'(z)/v(z) is small (i.e., v"^(z) ^/Vv(z) < 0.1) and the linear dimensions of the 
body anall oonparad witii the langtli eharaetarlstic of tha tuxbulence, the essisvtion 
that tiia non-'linear tern in Equation (10) nay also be neglected is co nfirme d by_indi>aot 
asperifliantal avidence (3). In the atmosphere it may be assuned that v'^'Cz) i/2/v(z) « 
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2.54 U(,(l n(z - z^/z \, in which u^, z^, ■ frictional velocity, aero plane dis- 

placemsnt, roughness length, respectively (13, 18, 19). Thus, for tall buildings this 
ratio la of tlM order of 0.05 to 0.3f depending iwon building httight and roughness of ter- 
rain. AlsOf moept in tbe ease of slendsrr line-llka atrncturea, the ratio of building 

dimension to scale of turbulence is not necessarily very sn-.all. Qtestions may thus arise 
as to whether the non-linear term may be neglected in the case ot buildings with typical 
•widths in atmospheric flow. Practical difficulties^ have prevented so far the cir rying-out 
of sinultanaoua full-scale meaauranants of p'(P)r v(s), and v'(s). However, wind tunnel 
naaaiirananta have been perfiomed (7, 26) and appear to oonfixm the asaanptlon that Bqiia^ 
tion (10) may be linearized. Also, the effect of the non-linear term was analyzed in 
Bef. 23, according to which the contribution of this term to the fluctuating alonqvrind re- 
sponse of a 300 m. tall structure appears to be of the order of 5* (i.e., a contribution 
to the total alongwiod response of about 3%) . It thus appears that the linearization of 
aquation (10) is aeeaptabia and tiiat 

P' (P) = Cp V(Z) V' (z) (11) 

Research aimed at developing an improved model of the relation between aiongwind 
fluctuating preaaoras and valoeitlas is clearly daairabla. It appears, however, that 
aquation (11) mqt rapraaant a raawenably adaqvata •nginaering modal for thia relation, if 
Bquatioa (11) la oaad, it fbllowa 

Sp(P^, Pj, n) = C^'^d^vKz^) Sy^^l' ^2' ^^^^ 
in whidi tba eroas-^ectral density of the velocity fluctuations can be writtm as 

It fallows £VM Bqpiationa (5), (12), and (13) that ^2' ~ 'Vr^^l' ^2' 

If aquation (11) is snplied to ajqpraaa the presBuraB oo tba vlndwaxd and laewazd sides 
of tlM buildingt 

p;^(p) - q^v(s) v'(«) (15) 

PjJfP) - CJ^v(a) vM«> (16) 

As noted in Ref . 17, in reality the flow in the separation bubble is quite dissimilar from 
that in the oncortung flow. Measurements suggest that the fluctuating pressures on the 
leeward aide are small compared to those on the windward side and, therefore, that Equation 
(16) wta be slif^btly oonsecvati^. 

pianetaxy Boundary Layer Fle»» wean wind speeds 

The mean wind speeds used in design depend ij^n roughness of terrain, wind climate, 
and desired level of safety of the stzuetuce. 

the xovghnass of tazxain dataminas the ahape of tiie mean velocity profile wbldi can 
be sbown to be givan by the xalation 

v{s) « 2.5 tt« In (17) 
■o 

in whl<A tt« " 0.4 v<Sj^)/in[(s2^ - z^Vz^) and z^^ ia aome reference hei^t. Equation (17) 

is the well-known logarithmic law (14, 15, 18) and values of z^, z^ are given in Ref. 18. 
It the terrain Is uniform over a sufficiently large fetch. Equation (18) is valid up to 
a height 

«p • 100 7(s)/ln[(s - ^^/^^\ (18) 

in «hich v(z} is ej^reaaad In imlto of length par second (IB). For exasple, if > 0.07 a, 
« 0 (opwi terrain) and e « 9.15 n (30 ft.), v(s) - 35 b»~1 P 80 avh), then Sp « 720 a. 
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For a ^vtn angle of latitude, the geostropio wind speed (the wind spead in the frae 

atnosphare, flowing under barotropic conditions along straight isobars) is detaralned 
solely by the magnitude of the pressure gradient force. tSear the ground, howevert the wind 
speed also depends upon the roughness of the terrain. To any given geostrophic wind there 
Will thus correspond mean velocity profiles denoted by viz, ai^, z^) which are related to 
each othar as shown in Figure 1. For 9*tapl±, if over open tsrratn with » 0.08 

° 0, tiie asan^wind speed at z^^ > 10 a is v(z^, z^, z^) - 20 ns'^ (45 oph) , ovar built- 
up terrain with z^ = 0.7^8 m, z^ = 21 m the corresponding mean wind at Sj * " ^™ ^ 
found (Figure 1) to be v(z2» Zq» z^j) ■ 15.8 ms"^ (35.5 mph) . 

The description of the naan wind structuca incorporated in Equation (17) and Figwra 
1, wliieb will be refarred to herein as the similarity oodel, is based iqnn raoant raaults 

of atmospheric bour.dar'/ layer studies fcr which a satisfactory theoretical, as well as ■ 
experimentai four.dation, exists. In thu h^Q.l Standard and the NBC, an empirical power 
law model is employed. The power law exponents are assumed to be constant up to the 
gradient hei^t and are specified for three standard terrain rou^iness conditions « classi- 
fied as open, svboAan, and laxban. Vhm power law sodal has shortcosiings whi^ nsy laad 
to results that are rot consistent with actual raeasureTncnts . An analysis of these short— 
coinings and comparisons between the similarity and the power law models can be found in 
lief. 18. 

In the IMlfom Building Code (22), the United States is divided into seven wind In- 
tansity aones. In the A58.1 Standard and the MBC, the design wind speeds are based upon 
fbmal statistical analysis of wind records* i.e., thoy are defined in probabilistic tarns 
on the basis of assoMd probability distribution functions and of spaeifiad aaan recurvanoa 

intervals. 

glanatary Bernidary Layer Flowt longitudinal Wind Speed yiuctuatioaa 

It can be shown th-at the following expression is a correct representation of the spec- 
trum of the longitudinal wind speed fluctuations in the hi^er frequency range and is oon- 
sistant with the requirements that (1) the spectral density anat approach a finite value 
as n 0, (2) the product nSy(p, n) reaches its mudmm at eone value of the frequent 
below ttie inert lal e<i»r enqe, and (3) the aean square value of the longitudliial wind epead 
fluetuationa is v"(F) • 6.0 tt|t 

vB^tBw n)/uS - 200 2/(1+50 t)^^^ (19) 

in which f > n(s - z^)/vtm) is knPwn as the sisdlsxity (or Nonin) coordinate. In Bqpiatlon 

(19) the pedik similarity coordinate (the value of f for which nS^(n) is a maximum) is 
fj^j^ = 0.033. As noted, for example, in Refs. 15, 19, in reality fpj^ varies rather errati- 
cally between sites and between atmosphere and laboratory, as well ao with height above 
ground. Orders of magnitude o£ are suggested in Refs. 15 and 19. The effect upon 
structural response of the variation of fpk can be verified as will be stibsequently done 
in this paper hy using alternative ejqpcesilons £or tlie spectre in which the peak slnd.- 
larl^ eooxdimte appears es a paranater. Svidi eKpressloM ean be fomd in Sef . 19 (Sqna- 
tiona 9, and 10). 

In the A58.1 standard and in the NBC, as well as in Vickeiy's procedure (25), an ex- 
pression for the epectrun of the longitudinal wind speed fluctuations is assumed which is 
invariant witti height (6) and iitxm violates the siMilarity requlreawnts whidh prevail in 

tJie higher frequency ran^^e ri4, 15, 19). From a structural engineering point of view, 
thtt drawbat:k of tiiia extjresaian ig Uiat it over-estimates the spectral densities at fre- 
quencies equal, or nearly equal, to the natural frequencies of tall structures and that 
it thus results in over-estimates of the resonant part of their dynamic response (19) . 

It is convenient to eiqpirees the eross<>cerrelatlon coefficient Ily(Pj^« Pj* ^ 

focm 
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in which y^, are tlie coordinates of point " 1« 2) in a plane perpendicular to the 

direction of the Bean trind, SL{yi, «2' * aexosswlnd, and NiPj^, " elong- 

vlnd correlation ooeffiolent. 

The following expression for the acrosswind corr«iation coefficient has been proposed 
by Davenport (7): 

Kty^, Sj. y^. z^, n) - ei^i (- 2nv'c2(z^ - 2^)2 + c2(yj^ - y2)^/[v(«i) + 7(23) l> (21) 

in which = 10, Cy - ir, (25; . By definition, ii U:e points P^, sdaus: i Idtne 

perpendlculeir to the mean wind direction, M(t']^, t^^' = Otherwise, H<Pj^, P^/ n) < 1; 
its aagnitude decreaees as the alongwind separation between P- increases and as the 
frequency n increases. For tiie purposes of Bqtiation (5), useful infonnation regarding the 
magnitude of N(P,, P™, n) is provided by results of measurements of cross-spectra of pres- 
sures on the windward and leeward sides of structures. Such measurements, carried out on 
a full-scale building, have been r-rrportei by Lam Put (9), who found that N(Pj^^, , n) < 
0.2 (the subscripts w« I indicate that the points P^, Pj the windward and ii^eward 

sides, respectimlyr points , and P2 ' coordinates y^f Sj^ and *2' 

spectively) . Fom a cooparisotf of the resets of wind tunnel neasurenente reported by Kao 
(Figures 5.1, 5.19, 5.21 of Ref. 8), it also foll%(S that, except for axtrsBely low fre- 
quendes oarrespooding to eddies of negligible energy ^ M(F]^, n) is nearly s«ro« 

Alonawind aespenee 

rrom Equations (5), (12), (13), (15), and (16), it folloKS tiiat for a buildinq rec> 
tarvjulcir in plan, of height H and width B, the spectral dsnsl^ of the fluctuating response 

at a point M is 

B B H H 

S^CM, n) - / / / <'=^ * 2C^C^N(n) + ch n (N, P^, n)B(M, P2, n) 
0000* 

V(«i)v(«2>sJ''^(Pl, njsJ'^^tPj, n)R(y|^, Sj, y^* *2' n)dy^dy2d«id»2 (22) 

In Equation (22), the identities N(Pl^' ' " ^'^^l ' *2»' * ^' *"* **** '*****^<*'* 
II{Pi^, ^24' " ^<^U' ^2^' = are^vised. * * 

The mean square value of the dynamic response is 



a'2(z) = / Sj^(M, n)dn (23) 
o 

and the mudwrn probable fluctuating response can be written as 

*'max<*5 = gizJ-'^t** »<) 
in which the peak factor is (6) 

g(z) - I21nv^(s)Xl^/2 ^ o.577/plnVj(a)T]^/2 (25) 
T ■ duration of wind loading and 

vj(») - / n\(M, n)d»/a'"^(«) (26) 
o 

Tlie nean response nay be written in terns of generalised nasses and forces as (19) 

It 

Ur(«) / v2(«)pj.(x)dx 



9 




(27) 
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If the contribution of the higher modes o£ vil»ration can be neglected, it is 
lent to write the aeen square value of the respoose as, imcoocinately, the sm of tba 
ground" and a '"xesenant" response (6r 24, 2S). It follows then from B^nations (22) and 

(23), 

a' (2)2 » p ^2(jjj (B +K)/16 "^dJmJ (28) 

in which the quantities B and K, which are propoetional to the background and resonant re- 
sponse, respectively, have the expressions 

«> B B H H 

B - / ij I I J la^yi' 72' *2» »J dyj^dy2*«l**2J** 
0 o o o o 



iTAj^ B B H H 

K ' I I I I ^2' *l' *2' ''l^ dyj^<ty2***l***2 

*X o o o o 



(30) 



I^tyi' y^' n) - tc2 + 2C,,C^H(n) + c^]^ ^(Zj^)p j^Czj) v(Zj)v(a2) 

(p^, n)sj/2(p^, n)R(yj^, y^, z^, z^) (31) 



MuBBrical integrations carried out using the eonputer program briefly described in Inf. 19 
Bbow that the approxiaiatian involved in Bquation (28) is of the order of 1%. 

The total, naxinum deflection in the alongwind direction is 

a(s) - [1 ♦ g(«) 7^)^U(z)1 I(z) (32) 

The quantity between brackets in Equation (32) is known as the gust response factor. The 

equivalent static load is then the product of the Man load and the gust reapoose factor. 

BAsxc rajooBBs oT pittcioinaes for oqnputxnb Kumemim) kesfohse 



The framework duLicr^bod ii. the preceding section will now bo used to discuss oertaili 
procedures that have been proposed for the calculation of alongwind response. 

Procedure Described in the ASe.l standard (1) 

The mean wind speeds specified for design purposes by the A5S.1 "tandard corrospond 
to 50- and 100- year mean recurrence intervals based on Type II prdtjability distributions 
of the largest values. In the calculations, hourly means are iisodf which can be easily 
obtained if the fastest-nile speeds are kncifn (24) . The nean preasuzes on iMth the wind- 
ward and the leeward sides are prop o r t ional to the square of ^itm nean speede, irtiioh are 
assumed to cbey ".li-i- power law. Tl-ie prosiure coefficients are C.^ = 0.8 and C = -0.6 or 
Cj = -O.b {tot ii/B 2.5 or H/B '- 2.5, respectively) . The wind spectra are assumed to ba 
invzuriant with height. Ay pointed out previously, this assump'tion results in overeatinates 
of the dynamic part of the response. The acrosswind correlation coefficient is essentially 
aioilar to that givwi by Bqnation (21). The alongwind correlation coefficient is SMUMd 
to be 

^2' n> = - - - •■*^> (33) 

_ _ H 

in which ( " 3. 8S nWv, is the smaller of the distances 4B or 4H and v - / v^ (a) ds/B* 

o 

Although, by definition, N(r'j^ , P, , n) = N (Pj , Pjj. n) = 1, it is implicit in this pro- 
cedure that these quantities tte bSth equal toTKPi^^, ^2jl' and, as shown in Ref. 17, 
this results in underestimates of the dynamic part of the response. A value of the peak 
factor g(s> ■ 3.0 is used, rather than the more mrrect value given )ay Bquation (25) which, 
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for t " 3600 m, Ib usually g(s) 3.4- 4.0. Tho contribution of the blghar modas of vi- 
bration la not takan into aeeoumt. Aa «ill ba ahown atdssaquently, in most cases of pcac- 
Uoal Intarast this contribution may ba ne^lactad. 

Procedure Described in the Uat-ionai Building Coda of Canada (5, 11) 

Fox daaign pirpoBeB« tha NBC specifies aaaii spaads avaragad over ona hour and oorra- 
apondin? to 30- and 100-year nean racurranca intervals baaed on Type t probability diatri- 

butions of the largest values (7). A -tati r. t;i cal analysis carried out by the writers of 
30 extrecia wind recorda wtiXert uvur pei»uua ui 20 to 45 yuari ahowed that these speedc -.ire 
approximately 6% lower than those specified by the A58.1 Standard. Since the nuaii resj.ar.ta 
is proportional to the square o£ the mean speeds « tha corresponding difference between the 
respaetive man responses is about 12%. Tha mean pressures on the windward side are pro' 
portional to the square of the mean speeds, wliich are asoi^Tie^ to ob---y t>.e power law, except 
that in the lowest 30 ft. (9.15 m) in open tcrxaia iOO ft. (jj.5 in urba.'i terrain 

the mean pr-jS3\:reg are assumed to re uniformly distributed (11). A pressure coefficient 
■ 0.8 is used. The mean pressures on the leeward side are assumed to be distributed 
unifomly and an proportional to tha square of tixe mean speed at an elevation K/2, where 
H is the bulldlnf height, with C£ « - 0.5. (This assunpticm results in a further increase 
of the difference between mean responses calculated by Refs. 1 and 11) . The sane expres- 
sion lor the wind spectrurr jnd essentially the same expression for tho acrosswind correla- 
tion coefficient as in the A58.1 Standard are used. Thus, in this procedure, the varia- 
tioQ of the spectrum with height is net taken into account and, correspondingly, overesti- 
■tates of the dynamic response result. The alleviating effect of the alongwind correlation 
is aleo not taken into account, i.e., the assumption N(P]^ , P2^, n) - 1 is Implied, idiidi 
results in furt}-.er overe:-, t; n-.^tes r.f the dynamic response Yl7) . Equation (25) is used to 
obtain the p«aX factor and the higher vibration modes are not taken into account. 

Vidcer's procedure is essentially similar to that of Itef. 11, over which it has the 
advantage of being more flexible in that it pemits tha variation of certain parameteTS 

(decay coefficients c , C2 in Equation (21) and an exponent defining the nodal ahapa) . 

The peak factor is assumed to be g(z) - 3.5. 

Procedure Baaed on Rsfs. IB an d 19 

In this procedure the moan wind speeds are 'ioscriheOl 1: y tho logarithmic law (Equation 
(17)}, axid tile variation Uie wind spGctriiRi witij heiyht 13 taken intu dcuQunt as shown 
in Ref. 19. Between the elevation (z^ + 10) meters and the top of the building the mean 
pressures are assumed to be proportional to the square of the mean spaeds. in the lowest 
(s^ + 10} nstersr the pressures are assumed to be uniformly distributed and to have tha 
same value as at elevation (z^ + 10) . The pressure coefficients assumed in the calcula- 
tions presented in this paper are C^^ = 0.8 and C{ = - 0.5. In view of the uncertainty 
regarding tlie actual prcbability distribution -: r; r extreme wind spe^.d ('''•, as well as the 
optimum recurrence intervals to be used in structural design, calculations were carried 
out using nean apeeds specified by both the A58.1 Standard and the NBC. The peak factor 
was assumed to be given by Bqaation (2S), and the acrosswind correlation coefficient given 
by Equation (21) was used. In confuting the background response it was assumed oonserva- 
ti%'ely that N(P^, P^, n) 3 1. :r. "omputing the resonant response, ttie assioir^ption tf(Py,» ^li 
n^) B 0. , in which n^ » natural trequency in the fundamental mode was used. Alternatively, 
in ooeputing the resonant reeiponse it was assumed that Gquation (33) is valid. The dif- 
ferenoes betMeen total reqponse calculated using these two assuniptloos tumad out to be 
Insignificant (0-3%). 

In the expression for the wind profiles, the values = 0.07 m, = 0, and z^ = 0.8 m, 
z^ = ;i m for open and urban terrain, respectively, were used in calculating the gust factors 
and the deflections presented in the following. Xo verify the extent to which the response 
might be sensitive to variations of the roughness parameters, tha values z - 1.2 m, 
s. > 10 « were also used for urban terrain as noted by Pasquill (15) » eiqp^imental results 
suggest that in urban terrain, as wind speed increases, z increases and decreases, 
possibly because the air stretun "penetrates" more dcoply Setwcon buildings. The results 
obtained using these values differed in all cases by less than 3% from the results 
Resented herein. 
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Rm sffttct upon tha structural raqponse of the possible variation of the peak sioi- 
larity ooordinate f^y^ was also verified. ^« «3s^na»ic response vas calcolated using Bqpia- 

tion (19) (to which* there corresponds f , = 0.033), as well as alternative ejgiressions for 
the spectra (Equations (5), (9), (10) or Ref. 19) in which f appears as a p aramet er. 
The ratios of the root mean square values of the fluctuating response [a* (h) ■^]^/^/ [a' (h)*jj^i 
{whex« the numrator Is based on Equations (S) , (9), (I j^ ' Ref. 19 andjthe deEoainator 
is based on Equation (19)), were calmlated in the case ^ 26.8 ns"^ (v^ - wind speed 
at 30 ft. above ground in open terrain) for the typical buildings described in the follow- 
ing section of this paper. For f^,j^ 0.01, this ratio was found to be approximately one 
in all cages. In the case of the 365 .t. tall building, 'J, ;■ ratio was about .95 for fpjj = 
0.1 and .93 for £ . "0.19. In the case of the 150 m tall building, the ratio was about 
.93 for £^j^ = O.lQ^and .92 for » 0.19. In the case of tiie 4S n tall building, tite 
ratio was about .85 for f ° 0.1. It is noted that, for t; ' 4^ n, i. aver i.-e, f^^^ •' 0.1, 
Equation (19), which is shown by thobo results to bo looderately conservative, was, there- 
for»i used in calculating the values of the dynanic response presented la this peqpar. 

For the three typical buildings described subsequently, ttie contribution to the 'iayhanlc 

response of the second and third nodes of vibration was calculated. It was found that if, 
as was assuined in the calcilations presented herein, the natural frequencies in the second 
and third znodes are approxinately three and six tines higher than tht : uridamr-ntai frequency, 
respectively, the contribution o£ the higher modes to the response is insignificant. 

ANUYSzs or mm&RiCM. rbsolts 

For the purpose of ccinvparin<j the procedures examined in this paper, the gust response 
factor and the maxiwum alongwind deflections were calculated for three typical tall build- 
ings previously analysed by Viokery (25). nte geonetrlc, as well as the mechanical, prop- 
erties of tJie buildings are shown in Vable 1. In all eases, an average building weight 
of 1,500 N/in-' was assuined. For steel structures, both the A58.1 Standard and the NBC sug- 
gest a damping ratio 6^^ = 0.01. ThiG ratio was used in calculating both gust response 
factors and maxicnurri alongwind deflection. In addition, gust factors wore calculated as- 
suming higher danping ratios (including nechanical and aerodynamic danping) . _For Vw • 
26.8 Bis'~^, these ratios. were assvsed to be the sane as used in Ref. 25. For V|, 40 vrnT^ 
the damping ratios were increased i th respect to those of Ref. 25 by aunplifying their 
aerodynamic part in proportion with the wind speed, as shown in Ref. 26. The results of 
all the ealculatloiis are given in Tables 1 and 2. 

It can be seen fron ^able 1 that the gust factors conputed In aeeordanee with tiie 
A58.1 Standard are in all cases lower than those determined on the basis of the NBC, the 
differences ranging from about 15% or more in the case of the 45 m tall building in open 
terr.jiin to almost 100% in the case of the 365 n tall building in urbar terrain. The 
values of Colunn (4) were calculated on the basis of iiqproved models of the mean profiles, 
of the wind spectra and of the alongwind pressure oorrelations (17, 18, 19) . xf these 
valuas are regarded as being correct (even though, as sfaoiin previously in this psper and 
in Ref. 19, they are likely to be slightly conservative), then it may be stated ttitit (1) 
the values of the gust factors (Equation (32)) based on the A58.1 Standard are low, by 
amounts ranging from 1% in the case of the 365 ci tall buildings in open terrain to 20% in 
the case of the 150 m tall building in urban terrain, and that (2) the values of the gust 
factors based on the NBC are high, by amounts ranging from 1% in the case of the 45 n 
tall building in open terrain to 63% in the case of the tall building in urban terraln> 

The differences between the gust factors obtained by the various procedures described 
in r);,t ^ receding section are due primarily to the respvective assumptions regardina Uie 
alongwiiid pressure oorrelations and the expression for the wind spectrum. The alongwind 
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correlation model used in the !IBC results in an overestimate, whereas the model used in 
the AS8.1 Standard results in an underestimate of the dynamic part of the response. The 
asBunption used in both Befs. 1 and 11 that the spectrum is invariant with height results 
in ov«r«stiaat«« o£ the xeagponMr ubich ax* nagXigibla in tha caaa of loiiar atruetvunaa 
b«tt baoona suibetantiai in the case of very tall atxueturaa. in tha eaaa of the HBC, these 
overestimates are added to those duo to the assumptions regarding the alongwlnd correla- 
tion effect. In the case of the A58.1 Gtaindard, the deviation from the actual value of 
the response due to the assumption that the spectra are invariant with height and the de- 
viation due to the aasunption H(P^, , n) ° ^2** ^ ^ opposite signs. 
Their rat is in tpost eases nagativa# as fellows froA tiie^oo^parison bet w a en coluans (1) 
and C4}. 

It can be seen from Table 2 t].at the irfan response determined in accordance with NBC 
is soaller than that based on the A58.1 Standard. This is the case becaua«# first« for 
a gtvna wind ollaate the naan wind speeds qpeeified by the MBC are lower than tlioae speci* 
fied by the A58.1 Standard; secondly, the leeward pressure coefflciont given in the NBC 
is = - 0.5, whereas that specified by the A58.: Standard for buildings of ratio 
B/H > 2.5 is C. = - 0.6; thirdly, the contribution to the rnean response of the leeward 
pressures is lower in the case of the NBC (in which these pressures are assumed to be uni- 
fomly distributed) than in tiie case of the A58.1 Standard. It is also noted that, assm- 
lag aqoal idad mgmmA oooditionst tha values of the wean reaiponse determined in aeeordanea 
with -tite pzooedures based on Sefs. 18, 19, are in aost oeeas slightly larger than those 
obtained using the AS8.1 Standard, ihis Shows that the power law mdal of the aiean wind 
speeds is slightly unconservatxve . 

for equal wind qpeed conditions, the difference between values of the total ireeponse 
detemined in aooordanoe with Fefs. is, 19 and with the MBC is Telatlwly small In the 

case of the 45 m and 150 n tall buildings (2%-13%) . In the casu of the 365 m building in 
urban terrain, however, this difference if. almost 50%. On the other hand, the differenoes 
between total response determined in accordance with Refs. 18, 19 and with the aSB.1 
Standard axe larger for the 45 m and 150 m tall buildings (20%-33%) and are snallex for 
the 365 n tall buildings (6«-18%) . 

The Biaximuin deflections calculated in accordance with the provisions of the New York 
City Code (13), the Unifozn Building Coda (l»C)(22), and tha South Plozida Code (21) axe 
also inol\ided in Table 2. 

For a basic design speed of 75 mph and urban terrain, the Hew York City Code is quite 
conservative for the 45 m building and somewhat unconservative for the taller buildingi> 
(assuming that 50-yaar mean recurrence interval is appropriate). The Uniform Building 
OodOf which assunes an open country eiqposure, is extremely conservative for the 45 m build- 
ing and slitj^htly oonsezvative in the case of €hm 365 n building. For a basic design speed 
of 110 nph and open country terrain, the !?outh Florida Code underestimates the response 
of all three biiildings. The Uniform Building Code slightly underestimates the response 
Of tiia 45 ■ building and sarloualy rnidsraatlaates tha responaa of tJie 365 ■ building. 



A conparative analysis of curre.nt procedures for evaluating alongwlnd structural re- 
sponse has been presented. The analysis confirms that consfiderabie discrepancies exist, 
between results obtalaed using these procedures. For exeunple, in the case of a 365 m tall 
building in wtbtm terrain the procedure deacribed in the NBC {5, 11) yialda values of the 
dynamic part of the response, of the gust factor, and of the total naxinnan defleotion 
which are, respectively, three tines, twice, and 1.6 tiroes larger than those based on the 
A56.1 Standard (1). The basic assuc^tions used in the various procedures have been exam- 
ined and their ahortcominys have been pointed out. An isftroved procedure, based on Refs. 
18, 19, has been described. Nunerical calculations were carried out, based on this, as 
well as on the other procedures Investigated. Typical buildings of 365 150 oi, and 

45 m height, previously analyzed by Vickery, were used as case studios. For purposes of 
«}apari6on, the results obteuned by the procedure based on Hefs. 18, 19 were calculated 
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vaing the pcolMbllistie definitMBS of dnign Kind a pe adi specified in tfaa A58.1 Standard 
and in th« NBC. Vho question of these definitions is, however, beyond the scope of this 

p>jpor . AssLinii'.q that those definitions are acceptable, the reaulLn of the calculations 
showed that the pruceduie described in the, ASS. 1 Standard was unconservative in most cases. 
On the other hand, the procedure deSctibed in the NBC was slightly unconservative for 
the 4S a buildings and was ovsr oonsenativa for buildings of 150 m and 365 a height. Thus, 
while in certain eases the procedures described in both the A58.1 standard and the NBC oay 
yield reasonable results, their fundamental shortcomings may be the cause of considerable 
underestimates or overestimates of the alongwind structural response. The writers believe, 
therefore, that the use of the procedure baaed on Refs. 18, 19, which incorporates recently 
developed, isiproved nodels of the naan wind profiles, the wind ^ectrisn and the preeaure 
correlation in the alongwind direotion, and which is described in the body of the pi^er* is 
justified in the case of structures in the design of which the wind loading is a asjor 
consideration. 



JSnEBBHCBS 

1. "Ajr.erican National Standard ASa.l - Building Cade Requirenonts for Minitnun Design 
Loads in Buildings and Other Structures," Anarican National Standards Institute, Clew 
Voxk, New yotlc, 1972. 

2. Baines, W.D., "Effects of Velocity Distribution on Wind Loads and Flow Patterns on 
Buildings," Proceedings , Wind Effects on Buildings Slid StruoturaS, VeddingtOtt, 1963, 
Her Majesty's stationery Office, London, 1965. 

3. Batehelor, G.K., "The Iheozy of BOMgeaaottS Tutlnilsneef * Caabrldge Oteiverai^ Pzoaaf 

Caatorldge, England, 19S3. 

4. Blacknan, R.B., and Tukey, J.W., "The Measurement of Power Spectra from the Point of 
View of O OBBw n lcation Engineering,* Dover Pvtolications, inc., M«w York. 

5. "Canadian Structural Design Manual, " Supplaasnt Ho. 4 to tha National Building coda 
of Canada, National nssesrdh ODuneil* Ottawa, 1970. 

6. Davenport, A.G., "Gust Loading Factors," Journal of the Structural , PA yi ai on, ASCB, 
Vol. 93, Mo. ST3, Proc. Paper 5255, June 1967, pp. 11-34. 

7. Davenport, h.G. , "The Dependence of Wind Loads on Meteorological Paraip.etere , " Pro- 
ceedings , Wind f^ffects on Buildings and structures. Vol. I, Ottawa, 1967, University 
of TUisonto Praaa, Vozonto, 1968. 

8. Rao, K.H. , "Msaaureiwnts of Vrassure/VeloolQr Ooxxelation on a naetangular Priam in 
Turbulent Flow," Engineering Science Meaaazoh Report BU(T-2-30, oaivexaity of weatam 

Ontario, London, Canada, 1971. 

9. Lam Put, R. , "Dynamic Response of a Tall Building to Random Wind I,oads," Proceedings , 
interoatienal Conference on Wind Bf facta on Buildings and Structueas, Tokyo, Japan, 
1971, pp. Ill - 4.1 - 11. 

10. Lunley, J.L. , and panofsky, H.A. , "VtM Structure Of Ataospharic Turbulence," John 

Wiley and Sons, 1964. 

11. National Building Code of Canada, National Research Council, Ottawa, 1970. 

12. Newberry, C.W., Eaton, K. J. , and Maync-, J.R., "Wind Loading of a Tall BuilrUng in an 
Urban Environment," Building Research Station, Gaxston, Watford, England, 1^63. 

13. "New York City Building Code," Local Law No. 76 of the City of New York, New York, 
Wew York, 1969. 



XV-138 



Digitized by Google 



14. Owtn, P.R. . "Buildings on the Wind," QuartMrly J««rn«l of th« Aayal Itoteerelogleal 

Society, Vol. 97, 1971, pp. 396-413. 

15. Pasquill, F., "Hind structure in the Atmospheric Boundary Layer," Philosophical Trans- 
actlooB of Uia Boyal society of London, A., 269, 1971, pp. 439«45«. 



16. IlDbian, J.D., "Ml Xntxodnction to Bvidon Vibrmtlon," Bloovior Pnbliihing Coiif)any, 
1964, p. 91. 

17. Simiu, E., "Gust Factors and Alongwind Pressure Oomlations , " Journal of the Struc- 
tural DiviBion, ASCE, Vol. 99, No. ST4, Proc. PapOr 9686, April, 1973, pp. 773-783. 

16. Simiu, E., "LocjarLthmlc Profiles and Design Wind Speeds," Journal of the Engineering 
Katdianics Division, ASCE, Vol. 99, No. SHS, Proc. Paper 10100, October, 1973, pp. 
1073-1083. 

19. Slnln, B., "MxA $p<»<±n and Alongwind Stxuetoral RMponso,* Hooting Praprint 2086, 
MGB Annual and national Bnvlroonaatal engineering Iteeting, October 1973, Mew York. 

20. Simiu, E., "Inproved Methods for Dcterrrdning Hind Profiles and Dynamic Structural 
Bespoiwe to Wind," Proceedings , ASCE-IABSE Bagiooal Confexenoe on Tall Buildings, 
JantMzy 1974, Bangkok. 

21. "South Florida Building Code," Dade County, Florida, 1970. 

22. "Uniform Building Code," International Conference of Building Officials, Hbittier, 
CoUfonia, 1973. 

23. Vaicaitis, R. , Shinozuka, H., and Takeno, M. . "Response Analysis of Tall Buildings 
to Wind Loadinc)," Technical Roport No. 1, Dept. of Civil Engineering and Bnginearing 
Mechanics, Columbia University, July 1973, New York, p. 74. 

24. Vallossi, J., and Cohen, B., "Gust Re^onsa Factors," Journal of the Structural Hi» 

vision, ASCE, Vol. 94, Mo. ST6, Proc. Paper 5980, June 1968, pp. 1295-1313. 

25. Vickery, B.J., "On the Reliability of Oust Loading Factors," Proceedings , Tedmical 
Maeting Concerning Wind Loads on Buildings and Stzuetuxes, Mational Bureau of Standards, 
BuiUlDg sdenoe series 30^ Washington^ o.c.f 1970. 

26. Vick(.'ry, B. J. , and Kao, K.H. , "Drag of Alongv'ind Response of Slender Structures," 
Journal of the Structural Division, ASCE, Vol. 98, No. STl, Proc. Paper 8635, January 
1972, pp. 21-36. 



lV-139 



Digitized by Google 



NOTXTZCM 

The following symbols are used in this paper: 
A - Area 

B - Nldtfa of stnieturs 
C|| ■ Addsd DMS cMffieimt 
■ Haan praaauza eoaf ficiant 

= Meaui pressure coefficient - windward face 
Cg^ " Mean pressure coefficient - leeward face 
C^, - OlMenalonlaas ooafflciants (doflned in taxt) 
F(t) ■ Stationary zandav function 
H ■ Heigbt of atructore 
H(M, P, n) = Mechanical admittance function 
H*(M| P, n) " Coniplex conjugate of H(H, P, n) 
M • oeiwtas a point on tbe structure 
Kg - GanarallMd a»ss tarn 
K » Alon^wind oorralatloa eoaffielant 

V • Danotas a point on tha atmctora 

R ■ Square root of coherence function 

S(n) = Spectral density function 

V ■ Duration tljK 

a ■ s'tmotural za^onaa 
f r fpic ■ Siadlarlty eoordlnata» paak aiallarlty eoocdiaata 
g " Pmtik factor 

m »■ Mass of structure per unit height 

n ■ Frequency 

p ■ Mean praaauza 
p' a Fluctuating pzeaaura 

r • Suibaezlpt indicating noda 

s = Subscript indicating node 

t «• Time 
11* ■ Friction vaiocity 
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v<2) = man wind velocity at h*lght z 
v*(z) <= Velocity fluctuation at height s 

X ■= Height above ground • 
<■ Zero plane displacement 
a^ • Surface roughneiB length 

6 ■ Denping ratio 
Ax Bs Horizontal separation in the alongwlnd direction 

V •> Hodal shape 

V Effective fluctuation rate 
4 - 3.85 ni&K/v 

1, 2 ■ Subscripts denoting values of a quantity at points 1, 2 
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ROUGHNESS LENGTH Iq^ IN METERS 
FZ6. 1 - ftfttlos 
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SEISMIC RETROFITTING OF EXISTING HIGHWAY BRIDGES 



by 



Jams D. Cooper 

Structural Research Engineer 
Office of Research 
radsral Highway Administration 

Washington, D.C. 

R» Richard RobinBan 
Research Engineer 

Anatoie Longinow 
Manager o£ Structural Analysis 
IZT Raseaxch Institute 
Chicago, lillnois 



Ttie retrofitting of existing highway bridges, to provide an added measure of 
protection against collapse due to eartlwiuake ground notion, is of great iaiportance. 

This interoGt heightonod ii'i the Mnitc<1 Stator; fallowing the Sar. Ff^rnanf!o r-ar'-hquake 
of 1971, which cau&od extensive ddinagt to a titmi^er of modern fttreway atructuxes. 

Some of the specific concepts for retrofitting to be explored include: (1) 
widening of bearing supports r 12} aiotion rastrainera across hinges, (3) ties across 
eitpansion joints, (4) the elimination of expansion joints, and (5) adding ties or 

reinforcing to existing coluuns. 

The monetary savings, resulting from an effective retrofit pEogram in prevent- 
ing collapse of structures, would far exceed the cost of the research involved in 
generating feasible and practical retrofit details. 

nils is a progress report on res£?ari-h which will renult In mathGrnatical tech- 
niques to identify the seismically vulnerable bridge details and a catalog of retro- 
fit techniques. Such techniques will pemlt strengthening of such weak links, in 
the total structure integrity. 



Key Words: Design; earthquakes; highway bridges; retrofitting; soil-structure 
Interactiont structural enginaering. 
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In' the San Fernando earthquake of February 9, 1971, impninuo bridges were destcoyvd 
«VMi though this Mrthquftk* was only of aodsrnttt nagnitutef aBSreatiaBtmly 6,6 on thn 
Rldtter Seals, oanaqes to hl^hvaya have bean esblnatad at $22.5 ndllioa to tlw Stat* 

systerr. and $5 nillian to city and county roads. The chief damage to tlW StatS ayatflB Waa 

the collapse of five overpasses and damage to an additional seven. 

The western part of the United States ei^riences a severe earthquake on the average 
of every four years and it is reasonable to assvna that any Aiture earthquake of nodartrtse 

to large magnitude can pose a threat to existing bridges unless steps are taken to in- 
crease their structural resistance to seismic loading. Consideration is, therefore, being 
given to developing economically feasible methods for increasing the seismic resistance • 
of existing bridges through retrofitting neasures in order to minimize possible future. 
cUnage. 

A report (1)* to the Federal Highway Administration on a reconnaissance surv^ made 
on February 12-13, 1971, of the <l«Mg* to bcldgws In the San Femando Mrtiiqaakia eontai m 

the following excerpts: 

C. Cause* of' Oollapee 

The two principal causes of collapse of the high overcross ings =-t e considered 
to be: (1) large vibratory notions induced in the superstructures by the high in- 
tensity vertical and horisontal ground acceleration* r end (2) relatlv* frround diS- 

plaoeoents wbich nay hay* oecunred betMsen th* abutMUt and ooLian •uppovt*. It 
is the opinion of the author* tfliat tk* fbnar wa* th* najor ***** off oollap** In ' 

the 36 particular cases; ther* i* no «vld*DC* that r*iativ* ground di*pl*e*ai*nt* 

were a contributing factor. 

0. Design Oonsiderations 

1, Bspan*lon Joint* - collapse of the high overcrossings was initiated by 

bridge spans falling off their supports at abutments 
and expansion joints duo to excessive displacements 

of the spans relative to their airports. This type 
of bdtavior should be oaref^ly eitaadned and oorrsc- 

tive measures should be taken as soon as possible. 
Full consideration should be given to eliminating ex- 
pansion joints wherever feasible, to widening bearing 
supports* and to providing more effective ties across 
eavanslen joint*. 

2. Ooloin* - Die failure* in th* central portion of the *herter *tiffer coluan* 

%^>re caused by the transverse shear forces, while the end failures 
in tile larger more flexible columns were caused by flexural forces. 
In each case, there was a noticeeible lack of transverse column 
tie* which contributed to th*s* failur**. Cl*arljr* the d**ign 
detail* of eolusme *hoald be oaceftolly eicanined, partietilarly with 
regard to size and placeir.ent of reinforcing bars and ties, and 
corrective neasures should be taken to in^rove their performance 
under ultimate loading conditions involving rever** dnfOXMtlon 
oycl** sodi as occur during major •artbguakes. 

3> Column CqpS • There appears to be a serious lack of reinforcing bars tying 
column caps into their respective box girder bridge decks. 
Corrective Maaur** *hottld b* tak*n to iipsev* thi* d**ign 
detail. 



*WHiber8 in pdrenthasis refer to zaferme** *t tiM Mid of tiie paper. 
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4. Colvn FoandatioOB - Failures at the base of columns for both types of 8^p• 

ports, i.s.f single cast-in-piace pile and spread foot* 
ings with driven piles, showed Inadequate anchorage of 
the main reinforcing bars . C orrective measures should 
be taken in each case so that sufficient anchorage is 
provided to develop the full strength of the main rein> 
forcing bars. 

5* Abstsient and WLng Walls - Fall tares in abutments and wing walls were caused 

by large dynamic forces tranismitted by backfill 
earth pressures and by ?;eismic forces developed 
in the bridge decks. The design details of these 
Structures should be re-exanlned and appropriate 

corrective measures should be taken to lac»rove 
their performance characteristics. 

The California Division of HlgtaMt^s has already revised eon* of its designs for new 
eonstroetion. For exaavle, oolum spiral splices nuet noir be andtored hf extending the 

spiral wire through the col'diiir. and ■incl.oring it arcarid vertical bars or. the opposite side 
of the column. Another example consists of revisions to the hinge restrainer to increase 
the pnll^spart sesistanoe of tlie joint. 

Following tiie San Fernando earthquake, California Division of Higfatray personnel iden> 
tifled 860 vulnerable existing bridges requiring a $20 nillion program for correcting tiie 
most obviously vulnerable structural detail through installation of horizontal notion re- 
strainers at bearing seats and expansion joints. A 55 raillioM proyram was, juthorized for 
the 120 bridges deemed most critical. To date this is the only known attention given to 
xetxofitting existiag higfamqr bridges to provide increased seisaic resistance. 

The objective of the retrofit program is to identify and define through the use of 
structural analyses and supporting labor.=itori' tests practical techniques and criteria for 
retrofitting existing bridges to increase their resistance to seismic forces. The follow^ 
ing ten concepts for retrofitting based on poet-event seisnic data^je observations on 
bridges in Alaska, California, and Japan are currently being evaluated. 

1. Vaehniques to wlds bearing supports end iipreve bearing stabili^. 

2. Here effective motion restraiaers across hinges or more effective ties across 
ei^ansion joints. 

3. Practical means to eliniaate existing eavanslon joints » iriiere feasible, in 

existing bridges. 

4. Methods of restraining bridge slabs from coll««psing sud» as by cabling on to 
the supporting or an adjacent foundation of the bridge. 

5. Practical raeans to add additional ties or spiral to ar» oxistir.q rcliiirin. 

6. Elpory pressure grouting of concrete hairline cracks already existing to elisd- 
nate diaeontimuities in the eonereta. 

7. Practical means to isprove the ties of oolvum caps into tiwir respective box 
girdsr bridge decdcs. 

8. Develop a practical means of preventing collapse of bridge piers or eolonns 
in tiie event foundation piles disintegrate during an earthquake. 

9. Introduction of interface materials between abutments or wind walla at.d back- 
fill such as expanded polyeurethane or other suitable frangible materials that 
will cushion tlis seisnic earth pressures. 
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10* Attaching elastomeric bearing pads to concrete with thioxcl or other Euitabla 
Mtsrial to prsvent the vibratory displacement of the pads during shaking. 

At thm canelmicn ot Vbm r«tn>flt invaatigatlen, dMlgn datalla and iiwtallatloB 
mpteLAeatiMxm will hm dwalepad for tboss tadmiquM ilBiiMfl to bo pxaetleal Slid ooat 
•ffoetiva. 



SBieCTXOH OF BBPSBSEHTATIVB BRIDGES AND 
BMRHQmUCB INPUT NOTIONS 

Seven representative types of highway bridges from several states situated in seisBic 
Zone 3 regions are being investigated in the study. Initially, state Highway Departments 
In Alaskar C«iIi£orala> Illinois, Hassachusstts, Missouri. Hantana, New York, and South 
Carolina partieipatad In the study by selsetlng representative bridge types for possible 
use in future stages of the study. Six bridgtja '^ere selected from those sijbmitted — one 
each from Alaska, Illinois, Montana, and New York and two from California. Table 1 gives 
bridge location and description of each of the structures. The seventh structure, an 
eight-apan, curved concrete box girder bridge with three eiq^anaion joints located in Cali<> 
ftazniar has be en Ineorporatad into the studf . nta 607<'foot long interchange oonneetor 
tijfpe bridge is typical of many of the structures located in populatf?d metropolitan areas. 
Ibis bridge was added to investigate and further develop the concept of bridge hinge re- 
atrainejt ayateaa. 

Given tiie life of each bridge structure and the soil boring data for eaoih of the 
seven bridge sites, effective Richter magnitude and hypocontral distances were calculated. 
Site spectra for ground motions in the horizontal and vertical directions were generated. 
Statistical relationships between lateral and vertical spectra experienced in past histor- 
ical earthquakes were utilized. An jinalysis earthquake including an acceleration, velocity, 
and displaoasmt vetstis tine history for the horisontal and vertical directions of each 
bridge sits was generated fron site qpectra. 

Table 2 outlines structure locations, tyxje, and region from which seismic- input mo~ 

tion has bsen generated for use in the analysis and devalopnent of retxofit concapt.s. 

BRXDGB NIM.YSIS COHPtTTBR PROGMUf 

This computer program was developed for the purpose of analy^iiny the dynamic struc- 
tural response of highway bridges when subjected to ground motions produced by an arbitrary 
earthquake. Its specific purpose is to evaluate the merits of various retrofit aeasures 
that would be esployed in a given bridge for the purpose of eliminating or reducing stroo- 

tural damage. The program is based on the finite element method of structural analysis 
and models a given bridge as a three-dimensional (space) frame. As such, six degrees o£ 
fraedoai are alloMsd per node. 

The wthod of analysis esiplciys a nonlinear dgnamLc zaaponae analysis of the structure. 
An iaplleit integration solution si^mbs espleying e^uilibritat ehedcs is used to solve the 

Increnental foni of the equations of motion. A tangent stiffness matrix for the ooqplete 

struct^:! i L reassembled at user-defined arbitrary increments of the integration Step. 
This feature, oot^tled with the equilibrium checks and the stable implicit inegration tech- 
Biqiw pendts one to feasibly obtain solutions to intermediate size problesa (qp to 1000 
dagxaw of fresdaai) subjected to long duration loading (up to SO sec). The most out- 
standing feature of the computer code is its ability to model the reduction in load-carry- 
ing capacity of a men-iier subjected to relatively small overstressing for cyclic loading. 
This is a most serious behavior characteristic which is largely responsible for structural 
co a ponent failures, such as reinforced concrete columns. The elastic-plastic yield sur- 
face technique usually eoployed to model beams subjected to overstressing does not readily 
lend itself to oonveniently nodsling this bebavioTf sspeoially for snabers of ca«l«x 
oraaa-seotion subjected to oodained tJirust and bmding loading about two axes. 
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The computer code treats the nonlinear response of overstressed menibers by employing 

a special elastic-plastic bean", eieir.ent that realistically Tc^dels tl;e behavior ir. a i;.iir.pl(j 

to use, automatic manner, that is jparticulatrly ad4ptabl« to numerical analysis. Bacalling 
tiw foraal tewlopMnt of a finite •laoMmt Tanm aodol, the coMtitiitlve equations of tiia 
auitarial antar tha aaalyala thxough inta^rala ovar tha ba«n croaa'-aaetion Mhleli hava tha 
font 

/afe)dAj /a(e)yail f / a (c)adx I /o(|E)yzdA 
AAA 

where o (e) is the stress at any fiber location (y, z) and e is the assoeiatad strain. Tha 
■train can be obtained in terms of the extension, c^, and the curvaturaa kgy» ^q^' 

Tha method enployed in tha conputar coda Bvalvwtas thaaa intagrala hy nmarical in- 
tagratlon over the erosa-sectlonal axaa at eadi stage in ihm dafbrmtion of the stmctuxe. 

■rtie user suli<Sividos the cross-section of each of these beam elements into a finite number 
of incremental aretis. Each of the subdivided areas is specified as a particular type of 
material, such as concrete or steel, and as such has a certain user defined nonlinear 
atresa-strain behavior. A Icnowled^a of the current strain and the previous stress-strain 
path for each siibdivldad area provides the infontatlon neceasacy to deteiadna tha current 
atreaa and haaes evaluate the Integrals to oompata the current force resoltanta. 

This concept is employed tc derive thu increner.tal force-deformation relationships 
at each of the beam elements two node points (six degrees of freedom per mode) . This in- 
foxmatioo is then eaploired to Integrate over the length of the basm to obtain the tine- 
varying tangent atiffnsaa matrix for thaea alaaanta. 

A soil-Structure- interaction finite element is provided in tiie program to model the 
connection of the bridge structure to the ground. This element simulates the connection 
hy eaploying three txanslational snd three rotational springs and oorreqponding viscous 
dampers. The preaoribed aaisaie notion is iaposed at tha ground node point of tfaeaoil- 
■tructure interaotion finite element. At thm user's option, different spring stiffnesses 
can be employed for the compression and tension translational degrees of freedom. This 
feature is quite useful for £itii.i>iiu.c loading, due to the cyclic nature of the imposed 
motion, since it permits one to use a high stiffness for compression interaction and a 
Im or Mro stiffneas for tension interaction for simaiating a footing on pilaa or a 
spread footing. 

A n;)iiilnear expansion joint finite element is included to provide the artdly^t with 
a BSans of accurately n-odeling connections betwen different spans of the superstructure^ 
siiperstracture-abutaent (or pier) interactions # and hinges, it models the ei^ansion 
joint gap, includes ooulonb friction and variable aprlng rates to sianilato dlffereaoea in 

compression and tension reslstiince either horiaontally or vertically. Tie bars pan also 

be modeled in the expansion joint element. 

An elastic team finite element is also provided in the coiqputer code. It is used to 
model those oonvonents of tiie struetore that will net be subjected to severe overatresa- 
ing and yielding due to the dynamic loading. It Is generally employed to model the najor- 
ity of the superstraetuze . Shear deformations are optionally included in the elastic bean 
eleaaat stiffneas and Btreaa-di^aaemsnt natrioes. 

The oooputer program was tested on the Mbai Ovareroesing in California. Plan, ele- 
VBtloin* and erDaa-aaotional views of the two-span^ fourteen reinforcad box girder bridge 
■re ahown in Figures 1 and 2. Figure 3 deplete tha reinforcing steel and concrete stress- 
strain relationships after Brov-n and Jirsa (2). Note that the ultimate stress for th<i 
reinforcing steel is rather low. The steel stress-strain curve for this test was selected 
so that lew axial tenalla ateangth in 1^ pier elsnsnte eonld te aiaulatad. 

A one-cycle ainuaeldal vertieal dlsplaouMnt waveform with psariod of 0.2 secenda and 
dodile aoplltttda of two ladiaa was used as a simple teat input wave notion at tha baaa 
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of Bwit No. 2. Selected displacements, bending naaents, and axial forces are shown in 
FlQlires 4 through 7. The pier eleneats fail very near the 0.2 eecand aerk, efter nhi^ 
tiite the superstructure defleeta dowmnBrd a vei^ large mouiit. OoBpubar mna of the aevatt 
structures identified previoosly ara currently being carxiad oot to identify failuEe aooh- 

anisms in the structures. 



Retrofit techniques ars in the process of being developed for the seven representative 
bridge types described previously. It is anticipated that the final fixes selected will 
be valid for use on other similar ^pes of bridges located within seismically active areas. 

Table 3 lists controlling items and methods of increasing seismic resistance of six 
of the seven bridges under investigation. Some initial concepts have been proposed fol- 
lowing the review of detail plans of uach of the structures. Aiidlysis of each of the 
Structures is currently being nade. Analytical results should help identify additional 
oonoepts and verify some of the proposed concepts. Standard detail drsnrlnga will be nnda 
for each o£ the final retrofit concepts selected for use. 

Sonc of the initial retrofit concepts envisioned to date are shown in Figures 8 through 
16. Cost effective evaluations of the concepts described have not been nade. 

Figure 6 shows a longitudinal section through the end diapbregne of a oonorete box 
girder. Tie bars have been added to liiult longitudinal joint separation. This eyeten 

has been used by the State of California :n th^ir retrofit program. A concept for limit- 
ing relative displacement at abutments is si;own in Figure 9. Vertical uplift can be con- 
trolled through the extension of anchor bolts through the bottom flange of a steel girder 
as shown in Figure 10. An ei^ansion joint restrainer system for steel girder structures 
is dioMn in Pigvore 11. Tie bare pass thxouefh end web stiff eners in this scheme. Figure 

12 depicts a steel girder hinge restrainer system in which both vertical uplift and motion 
normal to the plane of the web is controlled. Support bearing area or restriction of 
girder aotion can be adiieved through use of conoepta depicted in Figure 13. 



Use of fibrous i>oiyester concrete for strengthening beams has been investigated. 
Figures 14 and 15 show how the addition of high strength fibrous polyester concrete im- 
prove the strength and ductility of test beans. Figure 16 shorn how the use of oucAi a 
mterial could be used to enhance the selsnio resistance for reinforced oonerete bridge 
columns. Adaitiortal concepts are in the devolo i i en t stage and will be fnlly evaluated 
during the next year. 

Careful analysis must be made following selection of final retrofit concepts. The 
addition of retrofit bardtiard say enhance the seisoiie resistairae of a vnlnerable bridge 
eoBiponent irtU-le at the sane tim detract from the overall dynamic performance of tiie atrue- 
ture. Such concepts, if any, will be eliainated frosi further consideration. 



itetzofltting oonoepts and corresponding implementation methods for general types of 
hi-jlivvay bridges are currently being investigated to enhance seismic resistance. The study 
is not bexng conducted to define fixes that will eliminate all structural dduikige resulting 
from large magnitude earthquakes, but rather Is intended to provide fixes which will assnre 
thatt 1) structures remain in service for use as e merg e n cy routes following earthguakeaf 
2) damage is limited to the extent that the struBtBre osn ba quickly repaired, and 3) 
total collapse of structures is avoided* 
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IRIOOE 

1. HoQtana 
(eouQty Road 
Seperatlon 



2. Qalifornia 

(Sahla Over- 



3. California 
Overeroastns) 



li. minoU 
(&t..2J!i ov«r. 



5* Alaska 

(Bridge over 
Lyon and Tin- 
can Creek) 



6. New York 
(I--'08 over 
Delaware and 
Hudson RaU- 
read) * 



TABIS 1 
BRIDGE DESCRIFTION 

DESCRIPTION 

k span»» each aliqOy supported} 55 '< XOO', 100', U5' Tjv 
prestresaed concrete girder superstractore with 20 degree akav. 

Continuous deck intefrral with abutments. All ends of spans are 
fixed. l\" high Cixr-i steel bearinf^s. Pier cap supported by 
two 3 '-6" dian. columns; colur.ns supported on separate spread 
footings. Abutment aerves as end dlai^agnf supported on 
treated ttndber piles. Each span has 2 iotaimdiata diapiiraem 
and also end dlaplirapi over pier* 

2 spari, li cell rr-ir "or'^r-d concrete box rirdrr: 86", 102' 
continuous straight 5 '-6" deep superstructure with no shew. 
Simrle 3* x 8* eelvmn with bent cap in supersirueture. Column 
footing supported on concrete piles. Abutment and wlngwalls 
monolithic with super-structure and supported on concrete piles* 



I4 span, 3 cell reinforced concrete box girder: 112'-3"» 129', 
97', li7'-3". Articulated curved 6'-10" deep superstructure 
Mltli no sicew. Single 6* disaeter column with bent cap in 
superstructure at all Inteiwdiate support points (18'-10", 21*» 
li", 19'-1" ht for colxinns) Column footings supported in piles. 
One abutsient and winii^walls monolithic with superstructure and 
supported on concrete plltG, Superstructure on 10" high expans* 
ion bearings with no hold'-doqn at other abutment (adjacent to 
Ii7«-3«t span). Abutnent on eonerots pUea. Ona inch Joint at 
hinge filled with aspiialt latax« 5* wide be«rii« through 
6 X h X 3A anirles. 

3 apans, continuoust li6*«5 k", 53'-!"* US'-Sh" 6 rolled N33 
beams with 32 degree shew. Spans are E^'M^* tbi^* hi|^ expan- 
sion and 13 3/8" hifh fixed steel bearings. Continuous non- 
conposite deck slab-l^" open joint at ends with amor. Full 
width pier on spread footing. Abutnan't and vtngiialla on atoaX 
piles. 

3 spans » each simply supported i liO', 60*, UO'. Rolled U27 and 
Vf36 alloy steel beams, no skew. Spans are F-E, F-E, 5-F. Dis- 
continuous non-conposite deck with open Joints and armored ends. 
8" hiph expansion and 1 7/8" hlph fixed steel beairings. Full 
width pier on spread footing. Abutments supported on steel 
piles. Intermediate and end steal diaphragna en all apana (2 int. 
in 60* span). 

3 spans, each simply supported: 91' -3", llS', II8', 6 welded 
plate o:lrdcr3 per span with 60 degree skew. Span are F-E, etc. 
Discontinuous sonposite deck slab-1" open Joint« ends of slab 
are amored. llt|" tal^ fi]»d and axpanalen steel bearlnga. Wo 
pier cap (girders bear directly on col-anns, -rlimna transmit 
load to continuous spread footing). Abutinent vxth pedestals to 
support girders (eonbinad abutment and vlngii^l* on apraad 
footing. 
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TABLE 2 

REPRESENTATIVE BRIDGE TYPES, LOCATIC^S AND 
SUSUIC ENVI&ONHENIS FOR &EIROPIX SOJBt 



Bridges Sub- 
jected to 
Re^ioral 
tartbcuake in 


a 


icro 
ornia 


.1 

r- :'J 

u ^ 
Hi O 


'ornia 


Illinois 


Montana 


New York 




Actual 
Bcldgtt Leeatn. 


Mask 


North 
Calif 


South 
Calif 


Calif 




* 






* 


* 


* 


* . 


Steal girder vlth 
CoapOBite Deck 


Northern 

California 




* 


* 










2 epan concrete 
box on coluan 


Southern 
CalUomla 




* 


* 










4 span, curved 

eenerete box on 
cireulav (lavs 


Hultl-span 
CaUforsla 








* 








8 span, curved 
concrete box on 
clvcular ptava 


nuaols 


* 






* 


* 






3 spaa ataal 

girder, nan- 
cc~pDslte 4aek on 
i--all pier 


NmtaM 








* 




* 




48pan skew pre- 
■tres6 I girders 
with composite 
deck on col. bent. 


New York 


* 






* 






* 


FTestraaaa4 I 

girder on Multlplf 
coluan bent 


10ZAL 


4 


2 


2 


5 


2 


2 


2 


19 
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table: 3 
PRQVISI{MS FOR ikcreashig 
SBISHEC RBSI3TJUICE 



BRIDGE 

1. Hortana 

(Count 7 Road 
Seperatlon) 



2. California 
(BaM.a Onr 
erosslnii;} 

>• California 
(Ventura 
Owrero a alng) 



U. Illinois 
(Rt. 2U over 
HM«ac (hreek) 



S,. Alaska 

(Bridge onr 
lyon arid Tin- 
can Creek) 



6, New York 
(l-'^08 over 
Delaware and 
HBdaon Rall- 



cw:trol :tk"3 



Columns and pier cap 



Baariogs 

Abutnant and f oot- 
Inga on piles 

Abutments and coluno 
footing on piles 



Hinge 
Bxpanslen Bearing 

Colums 

Abntneiits and foot» 
ings on piles 

Deck joints at abut- 
nents 

Abutaents on piles 
Bearings 



Deck Joints and Joint 
at abutments 

Bearings 



Abutments on piles 

Deck joints and joint 
at abatmanta 

Cottons 



Bearings 



WAYS y IMCgBASIKO SSISHIC BESISIAMGE 

Increase transverse shear resistanee to Im- 
prove torsional resistance of auperatmctiire 

Hold-daHn at interior pier caps 



Qrsater longitudinal resiataaee 

Inprove anehorage of pile in cap, abutusnts 
need greater longitudinaX resistance* 



Limit longitudinal no 'ement and prevent 
transverse and vertical pMnveMnt. 

Unit aeparation fron abutaant and prevent 
traosvaree and vertical aovment 

Increase shear resistanes and ductility 

Improve anebarege of pile in footings} abut- 
ments need graacter longitudinal resistance 

Limit or cushion lonpritudinal rro/eroent and 
possibly prevent transverse movement 

Increase longitudinal resistance 

Provide hdid-dONn devices and chsek transverse 

resistance 

Limit or cushion longitudinal movement and 
prevent transverse morsment 

Provide hold-down devices, and increase 
transverse resistance 

Greater longitodlnal resistanes 

Limit or cushion longitudinal nov(>ment and 
larevent transverse movement* 



Inoreass transverse shear resistance to 
torsional resistance of superstrieturo 



Provide hold-down devices and check transverse 
resistance or re-design bearings and possibly 
increaaa area at abrntmsnts* 
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OniMttC TB9VS OF STMJ C HJ I BS OSIHG A U«SB SGKEB SIlftKB TRBLB 



by 



S«ilehl IiMba 



Matlonl Msaaroh Canter for Oisastar fr«vantlon 



SiAc« 1970, a larga scale sbaka tabla loeatad at tha National Hksaareh 

Center for Disaster Prevention (NRDP^ has been widely used for the dynamic 
testing of structures. This paper presents the results of some of those dy- 
ndLniu testa, uamy thi:i ju-iibo earthquake simulator, arid the results obtained 
from some other shaka tables operated by other research institutes in Japan. 



Ke^ Words: Oynanic tests; earth^aka »imulator; sbaXe table; structural 
enginaaring; taats. 
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XARBE 8CMS SBMB TMUC OT MRDP 



lha cCDStruction of a large scale shake table located in Japan was proposad in 1064 
by Buy flowBinunntal «nd unlver«i^ reeeaxcbers after tbe Mligata Bartixiiuka. Tba plan- 
ning, oomtTuction, and operation of tiie shaker was to be the NKEP, but could be widely 

used hy other researchors throughout the country. The testing cf the hydraulic actuators 
and the design of the table began in 1S67. In October, 1968, construction work began in 
Tsukuba, ibaraki Prefecture, and was eoiipletad In Oetober 1970, with a total ooet of 
960, 000, 000 ($3, 200, 000) . 

The shaJ:e table is a 15 n square? horizontal -oriit which weighs 160 tons. The table 
car. aui,:port a 500-tun structural test load, with a horizontal acceleration of 0.55 g. 
Vertical accelerations of 1.0 g can be imposed on a 200-ton teat load, homver^ the hori- 
zontal and vertical motions cannot be apsplied simultaneously. 

The simulator is housed in a steel framed building which is 24 m x 42.5 in in plan 
and 16 m high. A prestressed concrete foundation supports the shake table, and forms an 
open box shape. The sides are 2 m thick with a.n outside dimension of 39 m x 25 m in plan 
and 9 m. deep. The foundation consists of « flat net and rests on a sand layex where the 
standard penetration tost voloe la about 30. Hbm total weight of the foundatiim UUM is 
12,000 tens. Ihe ratio of the moving mass (table plus test structures) to the foundation 
is 1(20. Four hydraulic actuators, which have a 90-ton dynamic rating, are provided to 
drive the table horizontally and four other 90-ton actuators are provided to drive the 

table vertically. All of these eight actuators have a - 30 mm stroke, and are electron- 
ically oontrolled. A moving bbm up to • of 660 tens is supported on four balanoe 
eylindaxs during the horiiontol drive, Vbe taibla is eonatrolXMd in om diraetioif-faori- 
■ontal or vertical— during notion in the other direction by sixteen guide rollers. 

vibration waves o£ various forms can also b€s xnposed by a control system simulator, 
whidi has a haraonle wave oscillator of sine, rectangular, and triangular wave oonfignrS'- 
tions. A noise generator, using diodes, is equipped to inpoae randfln waves and pcDgranmiBd 
transients of various fbras can also be ii^iosed. The programed selsnio input waves must 

be in the range of the design spectra of the table, with tlie maximum displacements less 
than ± JO run for a single an{jlitude. S'rogranurjed dl sylactiraent analog data are generally 
uueJ as the injjut signals. If a low frequency range of acceleration is used, a large dis- 
placeiaent can be realized, however, the frequency has less influence on the magnitude of 
the acceleration. Ttie pxograaned data oomes fvon motion aeoelerogr»pb data, which is dig- 
itized and then the digital displacement data is obtained by double integration using a 
con^uter; the data are then filtered in the range of maximum displacements. This digitized 
displacement data is then transferred electronically to analog data and a displacement 
input curve is stored in the data recording system. This displacement curve is then im- 
posed as input signals to tiie siamlator. 

The hydraulic power system is oompoeed of a main and eidteyeteai. The main hydraulic 

system drives the four actuators, using 24,000 liters of oil at 210 kg/cm pressure from 
thirteen pumping units. A sub-hydraulic system consisting of four pump units drives the 
following units: twelve hydraulic bearings, four universal joints between the table and 
actuators, and sixteen guide roller bearings by using 9,600 liters of oil at a pressure 
of 75 or 140 kg/en?. Seventem pulling units are used in total with ea^ pairing unit 
being driven by a 150 KVA motor. Hie capacity of the electric power system to supply the 
large scale shake table is 2,900 KVA and the entire electrical transformer station is 
equipped to supply 66,000 volts. 

Plgwe 1 rtiowB the nsxLmnm oopad^ eharaeteristics of tte shake table, in eonjunetion 

with test results as obtained without use of a test structure. Figure 2 diOMS tlM fre^ 
guency characteristics of the shake table during horizontal motion of a 100-ton structure. 
Figure 3 sliows the frequency characteristics during vertical motion without a test load. 
Figure 4 gives the El Centro earthquake displacement and acceleration of the shake table 
when the El centro earthquake input characteristics are imposed into the control system. 



Oaring the fiscal year 1973, the diake table had a total running time of approximately 200 



hours. 
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ixnnKxc TBSTs ooHiwcnn) on trb moe shake imlb 



since the construction of the large scale shake table at the National Research Ccntar 
for Disaster Prevention in 1970, a number of dynaalc tests of structures have been con- 
ducted, the Btraetures tiuit hm twen taatad on tiie tsble ara clMslfied into the follow- 
ing categories: 1) full-scale atroctures, 2) large slsa nodal etructurear 3) aoll struc- 
tures > and 4) ground. 

The type of dynamic tests performed on these structures are categorised as follows) 



1) Problems related to ground and soil structure, such as the river enbaiik- 
nent, sandy ground, and liquefaction of saturated sand layers. 

2) Problems related to buildings and ecjuipment, such as pre-fabricated 
housing unlta and pra-fabricated rooB-applianee units. 

3) Pzoblaaa Mlatsd to induatrial plants, such as a graphite-pile nuclear 
p owe r zeaetor and a ^ihera tank. 

4) Pxablaaa relatad to soil structure interaction, such as foundations of 

a long span auspansion bridge connecting Honshu and shikoku, a sufaaierged 
tunnel for a Tokyo Bay highway crossing and undergound pipe lines. 



All of Uieat! dynamic tests have been conducted at the Eartli^aake Engineering Labora- 
tory of the National Research Center for Disaster Prevention. Kost of these tests have 
been performed in cooperation with other researcfo institutes and sone projects have been 
■iVlported by non-govemmsntal organisations. 

The dynamic tests that have been conducted since October, 1970 are listed in Table 1. 



A sandy soil system was built by placing the sand in a steel box which was 12 m x 12 m 
in plan and 1.5 ■ high, h ainusoidal vibration with a firaquency range of 1 to 20 a was 
applied to the sand at maximun acoelerationa of 0.05, 0.1, 0.2, and 0.4 g In order to da- 

temine the resonance characteristics. 

Figure 5 shows the resonance curve at 0.05 g with a resonance frequency of 13 H^. 

Vigura 6 fllUNn tl«a curve far 0.4 g and a BMunanoe of 10. S H_. Acceleration ratios 
at the resonance frequency at thm center of the sand is ten and five. At the resonance 

point, the acceleration ratio is greatest at the center of the soil. The greater tht ac- 
celeration tha flatter the acceleration ratio becomes throughout the sandy soil. 

Dy Mmic Tests ^ on a pivsr Eab an ta w nt 

Tests on a river embankment constructed of sand, as detailed in Figure 7, were con- 
ducted in 1972 and 1973. Various ground water levels were placed in the embankment and 
then F.inusoidal wave vibration tests were conducted in order to find the dynamic charac- 
teristics and structural destruction criteria, such as slip failure of the embanXment. 

An exanple of a resonance curve for the embankment is shown in Figure 8. Figure 9 

gives an exanple of the acceleration data that was observed. Figure 10 shows the distri- 
bution of excess pore water pressure due to the vibration. The results obtained from 
these dynamic tests will be used to improve present design criteria and design procedures 
on earttaqnaka resistant eabankiisnts. 



KBSOLIS Ct OniAHlC IBSTS 



Dynamic Characteristics of Sandy Soil 
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Liquefaction of saturated Sandy Soil 



Dynamic tests in saturated soil ware conducted in 1972 and 1973 in order to determine 
the characteristics of liqinfaetioB* fflfura 11 shows a resonance curve of 0.02 g sinuool* 
dal accaljarftion, with a raaonanee fraquency of about 10 K,. Figure 12 abowa the dianga 
In the axoess pore water pressure during and after the vibration of 0.2 g, 

These tests were performed relative to the design of a submerged tunnel and its re- 
elaiaed land. 



ZAMSB SCftLB SHMCB TABUt IK JWAN 

As shown in Table 2, several large scale shake tables for earthquake engineering have 
been built in J^pan. uurga or full scale model tests of earth-filled dans, rallw^ ear 
banlfanta» fauildinge* nuclear power zeactorB^ and eleotzonic equipaiBnt for tele-eoBnnie«-' 
tlon syetaM or eoaputers have been oonduetad at tliese facilities. 



ccmxusioN 

A brief description of (earthquake engineering in Japan relative to pceeent eiimlatore 

and dynainic tests have been presented. 

However, these present large scale shaJce tables and other simulators cannot coqpletely 
satisfy the requirenents of tsble sise, displaceaMnt, tMntlaiaw teat weiqlitr contxol syatn* 

etc. needed by researchers concerned with earthqueJie engineering. Therefore, researchesji 
of the Science and Technology Agency and NRDP mre planning and studying the technical 
feasibility of large scale shake tables. Cne such simulator under consideration has a 
table 6.0 m x 6.0 ra in size, with a horizontal and vertical motion driven simultaneously 
i;^ to ± 150 an. Another aianlator being stodled has a table aiae of 30 ■ x 30 ■ with a 
naJClsnm displacement of t 200 saa and an acceleration of 0.5 g and a test loading of 
1,000 t. The problems involved in designing such vibration test tables are difficult, to 
solve, And It IS, thereiore, hoped that an excha.nge of information on earthquake siaUlatOXS 
and dynamic tests of structures between our two countries can meet the challenge. 



1 
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TABLE 1 



TMt Structure 


Kttigbt 


Year 


Pref abrlcatad house unit 


40t 


Mtovenber 1970 


Sand cjraur.d 


400t 


January 1971 


Graphite-pile reactor 


aot 


July 1971 


Idvttr emlwiiikiBiinb 


300t 


Sq>teiidberl971 


Submerged tunnel 


5t 


November 1971 


Suspension bridge^ pier^ 
and foundation 


lot 


Deccmbar 1971 


S^phere tank 


30t 


February 1972 


Sand ground 


5t 


May 1972 


High-risa building 


It 


July 1972 


Sand ground 


400t 


August 1972 


Idver eidMnkment 


200t 


S^pteaiberl972 


sand ground 


2<»t 


October 1972 


Subnarged tunnel 


lot 


Novoiiber 1972 


suepenelon bridge, pier, 
and foundation 


lot 


Deosiiber 1972 


Prefabricated room 
eppliences units 


25t 


February 1973 


Sphere tank 


30t 


February 1973 


Sand ground 


300t 


June 1973 


oadergxound pipe 


soot 


June 1973 


S4 ilia W AnhAft^HAVt ^ 


A W V !■ 


Julv 1973 


Liquefeeticn of saturated 
groiind 


200t 


Septenberl973 


Suspeasio-'i britlqc 

foundation and ground 


25t 


November 1973 


Oil tank 


3t 


February 1974 


Itadergroand pipe 


300t 


March 1974 
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Cooperating Institute of Sponsor* 
Building tesearcdi institute (BRX) 

BRI 

Public WorkE Research Institute 
(PWRI) 

pwia 

Hoiishi-Shikoku Connecting Bridge 
Cooperation* (HSCBO 

Bfa 

Basearch Institute for Pollution 
and Resources (ripr) 

PHRI 

PMRI 
PNKI 

HSCBC' 

Japan Cooibustion ;tc>pliances In- 
spection Association* 

BRI, RIPR 

BWRZ 

PHRI 

* 

liSCBC 

Nippon Kokan^ 
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test Stxuctuxe 
Nueleu reaotor 
Earthquake-frea atjcuctura 

RBolaiMd land 

Sufanargad tmnttl 

Suqpenaloa brldga 
foundation and ground 

Staal frana with braca 



UABLE 1 (Continuad) 
PXanned Tests 
Height Yaar 
lot Juna 1974 

30t July 1974 

200t S^7taiibarl974 
3t Novaatoar 1974 

400t Daca^c 1974 
30t Pabrnaxy 1975 



Cooperating Inatituta or Sponsor* 
Bitadii* 

Fujita Cozporation* 

PURE 

PMKX 

KSCSC* 
BRI 
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TABLE 2 



Drive Tabic Table Test Praquaiiey Aeealar- oisplacss-' Actuator Foundation 

Inatituta SyBtea fiiaa Haight Naight Rang* atlon mant Force Height 

National 
Research 

Center for Hirdraulie 6af(€aii 160t SOOiin] DC-50 o.ssgCH) :i30 mn 360t 12000t 

Oisaatar 200t(v} 1.0 g(v} 

Prevention 



Central 
Institute 
of Blec* 
trie tairei 
xndnetzy 

Railway 
Veohnioal 



Hydraulic 6aK6.5ia 25t 120t 0.1-20H, 0.4 g ±50 m 60t 



Hydraulic 10BK2nx 22t 7et 
3.aa 



institute 



0.1-20H^ 0.4 g . ±30 mn 40t 



4000t 



Mitsubishi 

Heavy 

Induatxy 

Tokyo 

university 

OlMQrashi 
Oorpora'* 
tioo 

Kyoto 
Qnlversity 



Hydraulic 6iox6m 21t lOOt O.l-SOH^ 1.0 g ±50 nun lOOt 



Hydraulic I0iiii2bx 
Springs 3m ast I35t 



Hydraulic 3iiM4ai St 20t 



Hydraulic 3mx3inx 
Electric 2.5tnx 
2.SB 



12t 

at 



1.0-5 H. 



DC-50 1.0 g 



0.1-30Hg O.b g 
1-200 0.5 g 



tlOO im 20t 
tlOO an 1st 



±50 mn 6t 
tSO tm 4t 



1200t 



225t 



Telecom- 
munication 
Fiesearch 
institute 



Hydraulic 3iax3a 5t lOt 0.1-50H, i.O g 



±luonim(H) 15t lOOOt 
tl2anD(V) 



Port and 
Hot bur 
Research 
Institute 



Electric 5.Sinx2m]< 8t 16t 
1.Sb(H) 



0.2-50U. 0.5 g 



±50 on 12t 



2$5t 



V-31 



Digitized by Google 



3 

2 




1_ Tg itVVeic^ht Q t 
— TestWei<iht2 COt 



Gair\ 



fig. 1 Ca^victty CtartcteristiCS 
PWx.'se. Gain 



»0 




















Phac, 


- \ 






-20 










\ 





1 2 




12 6 10 20T^refl.rta 
\/er t leal Vit raUo n ' 

, t-.-. ^ we u_>. , I ^ Test. WelCjVvt. o t, 

P 2 Frecjuency QvafcctenStics p T-rec^Ltency Charcxctef'tt\CS 




Inpott Di^>pU3Lcernfent Wove 




1 



V-32 



Google 



5 10 15 20 

Fig 5 RESONANCE CuRVE H2 




5 10 15 20 

Rge R£SONANCE CURVE Hz 



6l^ 



"P ; ^ 1 tAoAel River 'Em^wikniftnt 




20 



V-33 



.1-3 



' '2. ^'9 .^03 - C09 



■ <2.0a 




r i-c 
cr 

O 




pore WaJRir piuBSSURe 
0 V i t/M* 



1 — Strtttwc 



i 2 



I 23 



r 

G 

^; 

0 
o 



- A- i- 
O 




"FiQ-^ W Resonance Curve. 



i-" 
cr 















- i 











Time 



sec 




v-34 



Ly Google 



A METHODOLOGY FOR EVALUATION OF EXISTING BUILDINGS 
AGAINST BARTUS2UAKES, HURRICANES AND TORNADOES 



M.S. Lw 

and 
Culver 



Center for BuildinT Technology 
Institute for Applied lechnoiugy 
National Buroau of Standards 



Mashington, D.C. 20234 



A nsthodology is prasanted for evaluation of existing buildings to detezaiiw 
the risk to life safety front natural hasard conditionB and to estimate the asKMint 

of expected damage. Damage to structural bulldincf co 11:51 orients rosultir.q from the 
extreme environments encountered in earthquakes, luirricanes, and tornadoes is consid- 
er -Lci. The methofio logy has the capability of treating a large- class of stru:tural 
types including brac«d and unbraced steel frames, concrete frames with and without 
shear wallSf besrlag Mil structuresv and long-^an roof struetozes. Th r e e inde- 
pendent but related sets of procedures for estimating damage for each of the natural 
hazards are included in the methodology. The first set of procedures provides a 
means tor qualitatively determining the da.T.age level on the basin of data collected 
in field surveys of the building. The second set utilizes a structural analysis 
of the building to deteraina the danage level as a function of the b^iavior of crit- 
ical elements. The third set is based on a computer analysis of the entire struc- 
ture. All three sets of procedures are based on the current state-of-the-art. The 
prooedures ass presented in a foznat which alloiw vdating and refining. 



Key Noxdst Buildings; damage; disaster; dynamic analysis; aartnquakas; nurricanes; 
natural basards; structural engineering;- tornadoes » wind. 
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Background 



Much of the loss of llf* and proper^ in the United states from natural hasards such 
aa aarthquak««r huxrican*s« and tomadoos raaulta from the inadaquata parfomanoa of build- 
ings in ti^poiuttt to thaaa extrom natural environnents. Past observations have shown, 

however, that buildings properly designed, detailed, and constructed can withstand these 
environments. This involves realistic assessment of the forces produced by the environment, 
proper distribution of these forces to structural and nonstructuial building eanponants 
and providing tha naoeasaxy raeietance to these ooaponentB in the design proceaSf and con- 
tiinial inspaetlon during construction to insure tii* design is cerraf:tly exacuted in tbo 
field. 

Improved building practices incorporating new knowledge relative to natural envivon- 
nents and tha perforiMnce of buildings will serve to oitigate future losses. Contiaued 
updating of building codes and standards, taking into account tha latest researdh findings 
and experiences gainecJ from past performance of buildings, is one aspect of improved prac- 
tice, ijcproved practices, hwever, apply only to future construction. Tr.ey do not affect 
existing buildings. The response of an tixistir.g bui I'Ung to an extreme natural environ- 
nant will nflact the perfoxmanoe level inherent in the codes, standards, and construction 
praictioeai in existence at the tiaw of design and enutruetien. Daring the life of the 
bulldiAg* building practices continually improve reflecting the advanoenent of the state 
of loiowledge. Thus, tiie margin of safety changes from that assumed at the time of design 
as the state of knowledge and building practices advance. Deterioration durimj the ser- 
vice life of the building also affects the margin of safety. The need exists, therefore, 
to oontinually evaluate buildings with respect to tiia potential haaard they pose when stib- 
jeated to astzea* natural anvironniantal condltiona. Following such an evaluation, iqpprop- 
riata rahaibllitatian or abatanaDt pvoeeduraa nay be initiated to mitigate unacceptable 
huavds. 

VoUowing thn 1971 San Fernando earthquake, several prograne aimed at evaluating the 
hasard posad by existing buildings in the event of an eartitgwdcs have been Jntfeiated* Host 
of these prcgrasa are sindlar in nature, however, each uaes a sonewhat different mathod 

of evaluation. Furthermore, since these methods involve evaluating buildings in accord- 
ance with the requirements reflected in current building codes, they do not provide an 
indication of the level of risk of e^^licit levels of building performance in terras of 
life safety, protection of proper^, and naintenance of vital functions. They also do not 
provide an eetinute of the anount of building daaiage to be expected. 

This report presents a methodology for survey and evaluation o£ existing buildings 
to determine the risk of life safety under natural hazard conditions and astinate the 
aoount of ejqpected damage. 

Soope of the Methodology 

The natural hazard loading conditions conyidorcd l;i this inf^hodo'"- cgy arc those en- 
countered in earthquakes, hurricctri^^, and tornadoes. While Uie source mechanism is dif- 
ferent for each of these geophysical processes, tiiey all impose dyneunic loading. Exists 
ing historical seisaiic and meteorological data are used in the methodology for determin- 
ing the magnitude of recurrence interval for these hazard loadings. For earthquakes, 
recorded seismic data were used for determing expected ground motion. For wind loading* 
annual extreme wind speeds for specific mean recurrence intervals are used. 

The types of structures considered include braced and unbraced steel frames, con- 
crete franas, shear wall structures, coohination frame and shear wall structures, bearing 
wall structures, and long-span rcof structuress. Although no specific limitations are Im- 
posed on application of tile methodology, it is intended for buildings with substantial 
occupancy, i.e., f i f cy or more people. OH*- and two-stozy residential buildinga, there* 
fore, axe not considered. 
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Three sets of evaluation procedures were included in tbis Mthodology, each s«t sipt*- 
sttnting a diffet«Dt ImvI of analytical aopblstleation. Rar«after, these thrae seta are 
eafarrad to a« tba Plaid Evaluation Nathod* the Jt^roxinta Analytical Netiiodr and the 
Detailed Analytical Hetbod. 

In the Field Evaluation Method buildings are evaluated on a qualitdtive basis in tame 
of structural oharacteristicSf structural configuration, and the degree of deterioration 
of the building. Xnfomation on these are obtained from a field survey, tliia method pro- 
vides a rapid, ineaqpensive means for identifying clearly hazardous structures or poten- 
tially hazardous ones requiring a more detailed analysis to estimate damage. 

Xn the Approxioate Analytical Method buildings are evaluated in terns of the behavior 
of critical structural swiAers. The procedure requires an analysis of tiie structure to 

identify critical members and determine the stress level in>:Ju'_-cd in thoiu nerTu-j-rs by the 
extreme environments. A set of building plans, specifications, and construccion drawings 
are needed to obtain the necessary data required to perform the analysis. 

In the Detailed Analytical Method the damage level is evaluated on the basis of the 

energy capacity of tt'^ structure. This procedur-' re ruir^is M^e use of a ri'erital computer 
program for the evaluation. As in the Approximate Analytical Method, the building data 
needed for input to the computer program would be Obtained fxon a set of building planSf 
specifications r and construction droMinge. 



UAMAtjE tVALUAi'ION MK'i'HODOlOGY 

Field Evaluation Method 

The Field Evaluation Method can be used vAere evaluation results do not need to be 
refined. This method is particularly applicable if building plans are not available. 

Earthquake 

For earthquake, a qualitative evaluation of building is made based on a conbined 
effect of structural type, vertical resisting elements, and horisontal resisting ele- 
ments. Eas'^d primarily on the past perfot-manL-e of various types of buildings, rela- 
tive r;;t-;iiq.=. ::c.r these three factors are developed. These are used to determine a 
basic stru tural rating which is the basis fbr determining the building capacity, 
mtis is shown schematically in Figure 1. 

-atingn for varirus structural types are to account for past performance and 
Ui<- d'c's^iuu u£ .incex taifitj that the building would perform in a manner anticipated for 
the type. These ratings are based on damage experience and ju^iiireut. For instance, 
moment resisting steel frames would be rated good, whereas unreinforced masonry shear 
walls %rould be rated poor. 

The vertical resist-ing elements include shear walls, shear cores, vertical brac- 
ings, and columns. ir. assessing the ratings for the vertical resisting systems, 
"symmetry", "quantity", and "present condition" of these individual building elements 
are censidered* 

» 

The symmetry describes the eccentricity between the center of maiss of the struc- 
ture and the center of stiffness of the vertical resistinj elemer.rs. Thun, in a 
building where the only shear walls are the exterior walls with or.iy onu i>pening in 
the center of the oppOflitft walls, and '.i.e cuilding plan is rectangular, the building 
would be classified as aynmatrical. On the other hand, a two-story rectangular 
stroctuza with nearly solid side and rear waUa, but with front wall almost entirely 
:ic.z.>d with only four nwll piers or colianu, would be classified as vary unsymetri- 
cal. 
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The quantity refen to th* aunber of vertical rmistiog elonuta* If tliece ira 
many long shear walls > it would be rated good. Xn the case of nonent-resisting firane 

structures of steel or concrete, both the strength and number of columns are import<mt. 
For closer spacing of coliimns, usually about 6 m to 10 m bays, a good rating is Cfxvmn, 

The present condition describes wall cracks and other damage, other daiaga my 
be damage caused by deterioration from lactic or tannic acid (frequently found in 

dairy or slau j-t'irhouse facilities) or from severe popping of concrete caused by the 
use of reactive aggregates. The degree of damage in such cases can only be estiaated 
by visual observation. 

For vertical resisting elements, "iqumtity" and "sjrnwtry*' arc egsftinsd as one 

factor, rt-.ir, fictor is th,?n cor-a-inoa viry. '-i resent condition" to obtain the rating 

for tim ve£ti.,Jal raBiutxuy eiucieuLi, ^tn- F±>^ui:u 2. 

The horizontal resisting elements include diafihragms, preneter beans, and hori-. 
sontal bracings. The floor or roof systesis act as horizontal diaphragms to distribote 
horizontal forces to the vertical resisting elements, such as shear walls, moment- 
resisting frames, or braced frames. This diaphragm action is similar to that of a 
hor: zoi.tal plate girder spanning between the vertical resist! nj e. lenejits and may be 
continuous over several supports. In this analogy, the floor itself may be compared 
to plAta girder web, and the marginal beams or walls (diords) oonpared to plate girder 
flanges. The floor or roof ^stam, acting as a girder web, is primarily a shear ra- 
sisting alamsnt. The marginal beans or girder flanges (chords) in diiqphragm action 
are prinarily subjected to axial loads of tension or conipr«6slon. 

Shears are transferred by the anchorage between floor or ZOOf and the shear walls 
or frana members. The determination of the adequacy of anchorage or connactionB in- 
volves considerable judgment unless computations are made. For exasple, where Vhm 
floor or roof systems are of cast-in-place concrete and are placed integrally with 
portions of the shear walls or frames, generally a good anchorage with shear transfer 
caipaeities can be assumed dependent on the concrete strength, concrete slab thickness 
and anount and anchorage of reinforcing steel. With metal deck systems, the diaphragm 
vnluiM ar« dependent on the dedc configuration, attachnsnt between units, gage, and 
atta^ments to supports. 

Tlie jai a-iLy of 'Srie horizontal resisting system is dei. unaon-^ on either tlie ri- 
gidity of the diaphragm, the anchorage capacity of the diaphragm or horizontal brac- 
ings to tilC vertical resisting system, or the effectiveness of chord members. Thus, 
the lowest rating of these three factors is considered as the rating for the hori- 
aontal resisting system. The rating sehanea used to rate tJie capacity of tiie hori- 
sontel resisting systems are illustrated in Figure 2. 

The Basic Structural Rating which describes the capacity of a building to resist 
the earthquake force is obtained by combining the rating for structural type and the 
rating for either the vertical resisting system or tiie horiaontal resisting system, 
whichever proviries a lower rating. The rating sc^heme adopted for this study is lllu- 

sttdted ir. Figure 3. 

Hurricane 

Damage to a building Is dependent on two basic considerations, one Is the ef- 
fective wind force, usually in terms of pressure, positive or negative. On the Other 
is the resistive cafacity of the structure to lateral forces and also to uplift 
forces on the roof created by the structure's shape. 

The Bsma rating wiumm used for structural systems in the case of earthquake 
can be used for wind in the evaluation of a building's ability to resist lateral 

forces. Because uplift forces are acting simultaneously with the lateral forceu, 
additional factors such as roof anchorage, anchorage to foundation, and internal 
pcassure should also be considered. 
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Tho rating of the building is determined by taXLog tho lowest ratiJig of the 
"FoundAtion Anchorage" factor* "Roof Anchorage" factor, or the "Basic Structural 
Jiatiitg" »e defined in the case of earth^iake since these factors affect tha building's 
capacity to resist wind independently. 

Torpado 

Danage fron tomadbes has been most severe to small, light buildings? although 

tall, flexible^ and heavier buil'Iingij have sustained aoTt; severe structural damage. 
The most extensive damage to ijuiiditiis has been to roors aiid exterior claddings, in- 
cluding glass. This includes damage from windblovm debris. Because the total effects 
of tornado on a building is not clearly understood at the present tine, only a broad 
categorical rating of buildings, depending upon their types, is possible. In this 
study, a poor risk rating is given to small and light buildings. A medium risk rat- 
ing to small, heavy buildings, and to large, multi-story buildings that could be 
r ated high in wind and earthquake resistai. jL- . a good rating can only be given tO 
heavy vault-like buildings iuiown to have been designed for tornadoes. 

A ppro«i««t» Analytical Itethod 

The Approximate Analytical Method provides a siioplified analytical procirtciuire for eval- 
uation of tilt; building capability to resist natural hazards by determining stress ratios 
of critical elenient.H of Structural elsmentH. Hies* stress ratios are the ratios of the 
stteases produced by the loading to limiting stresses of the critical building elements. 

For thrj puryose of this evaluation, elastic analyses of hvi; Iding response will be 
conpar<ad with material design capacities. Design stresses will be those designated by 
material specifications. In the evaluation, buildings are being analyzed, but not designed. 
Stresses in structural elements will be checked for the combined effects of lateral and 
vertical loads. Ifhere lateral loads are included, the codblned stresses nay exeed code 
working stresses by one-third, except where not permitted in the specifications, with the 
provision that the stresses resulting from design vertical loads alone will not exceed 
code design stresses. This method, in general, does not include the use of a dynamic anal- 
ysis except in special caises. 

BjMfth^Bafce 

Any inportisnt earthquake- resisting element having the highest unit stress a:-; r^-- 
lated to allowable design stresses is a critical element to be considered in the eval- 
uation of the structural system. The term "lufNirtant" element means an element which, 
if it failed, would seriously reduce the oepaoity of the structure as a whole to re- 
sist lateral forces, sane members would not be critical when deformed beyond their 
yield level deformations. In other members, yielding may cause an important redistri- 
bution of loads. With a multiplicity of well-distributed similar elements, the re- 
distribution of loads would add only a small percentage of stress to adjoining or 
parallel elements. 

In most, buildings, the critical plements will he^ the i/ertical resi :-itinrr tlerpDnts 
(shear walls or oonienr resist.ant frames) ar.d the horizoiital rcsist-iny eieiiients (dia- 
phragms) . This is for earthquake forces acting in the plane of the elements. Earth- 
quake forces normal to a wall are a Cunotlon of cha weight of tha wall itself. Where 
a wall has a Xomg ^pan between floor diaphragms or vertical frame elements, it might 
be a critical element if Its failure would produce oollapn of the building as a 
whole from vertical loads or in-plane lateral forces. 

The highest ratio or stress resulting from the required seismic forces (f^) to 
the allowable material design stress (f^) (including 1/3 increase where permitted 
but deducting cepacia required by gravity loads) on aiiy critical element is termed 
the erltleal stress ratio f^/fa- The critical stress ratio is the indicator for 

evaluating tht sciiimic ro3istin:j capability of the structure. Loa^l factors and ulti- 
mate capacities are used tor concrete design and for plastic design o£ structural steel. 
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Hurricane 



Both internal and external pressures muut be considered on portions of buildiiUfS 
such M coofs and walls. Corners of walls are exposed to high negative pressures. 
TlM8* corners should be chewed. 

In determintng the response of the building as a whole, the type of diaphragm 
system nu^t L-i c-orisid-LTad. A stiff diaphragm will distribute ho£ i r-or.ral for-es to 
vertical resisting elerrertts in proportion to their relative rigidities. A flexible 
diaphragm will distribute roroee to vertical elsoients noze nearly prGportloned to the 
tributazy-ei^osed wind surfaces. 

The usual critical elements for wind resistance are, as in earthquake ri^sistance, 
the vertical resisting elements (shear walls, braced bays, or moment resistant frames) 
and the horizontal resisting elements (diaphragms) . There is a major difference, hail'* 
ever> in that wind forces are applied to exposed surfaces while earthqiiafce forces 
originate at centers of mass and are proportional to nass. Thus* a lightweight ev 
terior wall might have a relatively small earthquake force normal to the wall tnit would 
be exposed to wind forces which are independent of the weight of the wall. 

The calculations for the adequacy of the building to resist wind forces can be 
Bade using any of the standard analytical procedures. The lateral loading to each 
story level is detemined with positive pressures on the windward side and negative 
pressures on the leeward side. The path by which these forces are transmitted to 
tlie vortical resisting elements is determined and the adequacy of diaphra^nr. or hori- 
zontal bracing system to transmit these forces should be evaluated. Lateral forces 
are applied to the vertical resisting elenents at each level and Vti9 stxMMS slioald 
be analysed. The overturning stresses dioald be diedced, including uplift on founda- 
tions. 

The highest ratio of stress resulting from the wind forces appliCcUsle to the 
site (f^) to the allowable material design stress (f^) (including 1/3 increase where 
pezadtted but deducting capacil^ required by gravity loads) on any critical element 
til tamed the critical stress ratio 

Toriiado 

For the purpose of evaluation, it will be assumed that a free field wind vclocitv 
of 200 Biiles per hour and a pressure drop of 1.2 psi. Using the forauila P .0025 
to convert velocity to pressure gives P " 100 psf . The 1.2 psi pressure drop is, con- 
verting units, equal to a suction or uplift of 172 psf. If it is assumed that tor- 
nadoes are similar to other high winds, such as hurricanes, with respect to tlie rti- 
lationship of pressures on windward and leeward sides, one finds these coef ficient.s 
of the velocity pressures to be 0.6 cind either 0.5 or 0.6, respectively! dSJpending 
on the height-width ratio of the building. Thus, the total lateral force on a build- 
ing subjected to tornadoes for a modsrat* degree of protection will be 100 x (0.8 + 
0.5 or 0.6) - 130 or 140 psf. 

There are probably very few buildings that will be undamaged if in the direct 
path of a strong tornado. The least likely to be severely damaged will be heavy 
reinforced concrete or reinforced masonry vault-like structures one or two stories 
in height, with relatively heavy and solid walla. Taller buildings designed to 
resist hurricanes may have limited damage, but probably will not collapse unless 
they are of unusual configuration or have large roof overhangs or osKsn sides. Light 
buildings of wood frame or steel frame and metal sidings have been known to have 
been torn from their foundations and blown considerable distances. It is possible, 
however, to provide sw^ light buildings with some resistance to winds by proper 
anchorage to foundations to the ground to resist uplift. 

If a building has been evaluated for wind and given a poor rating, it will be 
considered to be inadequate to resist tornadoes. The ability of roof systems, designed 
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only for gravity loads, to resist reversals from uplift need to be evaluated. The 
wall capacities must be checlced for direct horizontal positive and negative force. 
Ih« floor and roof ayBteiBB miBt be eheciked for mSaqmey aa diiv>hra9ins to transnit 
latszal foroea to the vertical nsiating elanents. JMcdiovag* of walls to footings 
should be diedecd for capacity to resist sliding eosblned id,th vertieal uplift and 
overturning. The footings thomcolves should be checked for sliding resistance, up- 
liftr and ov«rturning forces. In checking these the purpose is to detamine the ratio 
of strasses resulting from the imposed tornado loads to tb» capacity of tbe struetura. 

In each of the various resisting systems, such as roof, floors, shear valla, or 
moment-resisting frames, ther? may be one or rore critical elements which will fail 
before the other elements. Care auist be taken not to disrate a building because of 
one noo-lliportant element. Where the failure of such an element would not cause fail- 
ure of a systen, but would only cause siinor r%'4istributian of loads, su^ a iMuiber 
would not be a erltieal elegteot* The procedure for detennining the eritloal stress 
ratio is the sa«e that was twed in tbe case for hurricane. 

betailed Analytical Method 

This nethod is based on a wodular oosiputer progra* with each nodule dealing witii a 
pairtieular aspect of the damageabili^ prediction problem idileh includes > 

1. Bnvironnental Loads 

2. Structural Character isation 

3. Response Computation 

4. Estimation of Potential Damage 

Vor aeisaic loads, historical and recorded date are used along with the pcogram de- 
scribing the selsiiic and wind activity for the entire continental United states, Alaska, 

and Hawaii. Historically based tornado and hurricane activity for the continental United 
States Is included. With these data, the program will computer, in a probabilistic sense, 
the Specific environment of any given building site in tiie country. Alternatively, the 
user nay choose to input ai^ of these loads directly. 

structural models of varying complexity can be generated depending on the availabili- 
ty of structural data and the level of effort selected for a particular task. Diimagc pre- 
dictions are made cn thij basis of the building's response to the appropriate loading con- 
ditions. Damageability data <duuraeterising the cepacit^ of the building to resist fail- 
ure amst be input by the user. Algorithms tot conpnting damage are based on the assov* 
tlon that percent damage varies continuously with key response parameters. These key pa- 
ranaters have been selected and are incorporated in the progranr. The forms of damage 
distribution curves as functions of response are also built into the program. The user 
may choose values of the parameters of these functions in accordance with prepared guide- 
lines and exercise his jud^Dsnt aoeordiag to tiie application at hand. A sdiMnatic pre- 
' aentation of the coaster program is given in Figure 4. 

natural Basard Loading 

Barthaualce Loada 

Site loads for an earthquake are defined by a ground site response spectrum. 

This response spectrujr, reflects an amplification of the hardrock spectrum for the 
site, which is frequsncy dependent. The hardroc''. spectrum is generated in eitlier of 
two ways. If the risk option is selected, the user must input seismicity data from 
the seismic M«gp provided with the oonputer progrw. By further specifying either a 
return period or building life and probability of non-occurrence, a risk earthquake 
defined by itE Richter magnitude is computed. If the risk option is by-passed, then 
the user must input a Kichter magnitude and a hypocentral distance. In either case, 
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the con^uter program oo«put«s tlw —xiiiMW haxdrock acceleration, velocity, and dlp- 

placement at the site. 

Hurricane Loada 

If a wind velod^ is ganerated for tha apacified site, than a statistical ra« 
gression analysis is used to coinpute a mean wind velocity given either a return 
pfiriod or building life and probaibility of non-occurronct? . A stanJcird deviation is 
also computed artd amy be used to aaUUsliab some degree of confidence in the wind 
velod^ selected for analyala. If tbe iwar deairaa, he aay alternately diooae to 
input a wind velocity analysis. As in the cam of aarthqpaker local site oondi-' 
tlons modify the wind velocity whldh is detemined on die baaia of historical data. 

For exairple, free-field wind velrjcities in large cities are atteniiated by the pre- 
sence of buildingsr whereasr on on open pr&irie, ttic attenuation ia coniparatively 
small as one approadies the ground. Thus, in figuriticj the wind load on a baiUiiig* 
surface conditlona axe accounted fov. by specifying a site condition pazaaater* 

Tomada homSa 

The probabili^ of being hit by a tornado can be computed from historical data. 
However f the user Mist specify a tornado wind velocity. In this case, the static 
response of the building will be oovuted and daaage aseessMnts niide. 

structural OiaracterJ-zation 

Three general levels are offered for structural dynamic modeling: 

1. A Detailed Model 

2. A etozy-Stiffnaas Modal 

3. Ad avirieal Modal 

It ia noted that all of the modeling options lead to the aaaa baaio dynamic chares 
tarlsationt building natural fTagnaneias and modal diaplaoamanta. 

The three modeling options are illustrated la Piguxea 5, 6, and 7. if the user *a- 
lecte "Datailad Model" pption to generate a detailed stifftoass matrix for the structuror 
thm the stiffness matrix is constructed frame by frame, story by story, from tc^ to bot- 
tom. Each frame is parallel to the direction of motion in a vertical plane. Stiffness 
and mass contributxoas from each Liaeuh ore superposed in formulating the two-disiensional 
model of a building. If the user desires "Story-Stiffness Model" option, he must input 
a story stiffness and story height data for each building story. A total story-stiffness 
is the sw of the stiffness produced by all colums, partitions, walls, and other lateral 
force resisting con'fionents at that story. If an enpirical model is to be generated, than 
the user must input an estimate of the building's fundamental period etnd story heights. 
A straight-line node la aaaumad to ooqputa deflections. 

Wasponaa Cnsputation 

Response ooBvutationB are made for eartJiguake loads, for tomado and burricana loads, 
arid for uplift dns to wind. Ponding loada are also ooivatad In tlie long-apan zoof euib- 

routine , 

The response of a building to earthquake ground motion is evaluated by determining 
the peak modal response in each of the modes (a majUmum of six is considered) , and com- 
bining their contributions to the total response. A damping, a ductility factor, a modal 
combination scheme, and a value for each story's Jrirt-t<:-yield are used to compute an 
effective ductility for the building. An iterative procedure must be used to establish 
consistent values of damping and response as damping ie defined as a function of ductility. 
Mhile this operation seems to be stable and typically converges in a few cycles (thsee or 
four) , an upper limit (e.g. , six) on the niniber of interactiona is put In and used to txanaftr 
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oontzol cmt of the iterativG loop in ease computations do not converge tr> within five 

I pmtramiA mattwcmay. This may only oeear wh«n wlasto-plaatie reBponse is considered. 

Inter-story drift, pseudo-velocity, and absolute acceleration are ooncnited for each 
story. In addition, story forces a:\d shears aro computed. 

nw response of e building to wind is treated as a static problem. The force acting 
«lali9 the buildiner is cosfjuted by multiplying the pressure at each Story by the tributary 

story area. Frjr the Jijtail<;:_l and i;tory-<^ti t fri«>ss models, tfie inverted 'stiffness matrix 

is used to vcni'ute deCleijLioii ut the building. I£ the enpirical owdeling option is chosen, 

the building response is calculated consiaering the building to he a unifozii cantilever 
bean using a simplified analysis. 

B»»l i iM|tioin off Pwe^e 

Potential deunage to a building which may result from exposure to the environmental 
loads oosiputed for the building site is evaluated in a damage subroutine. Damage is ex- 
ptVMMid In pereent of total damage on a storyHAy-story basis, oanage is ooaputed Indepea-' 
dently tot earthquake, hurricane, and tornado, it is segregated Into three categories: 
■txttctural« noik-Btractural , and gloss, in the case of structural damage, the damage is 
fiirthMT stAdividad into dsnstie to frsBS* Nails* and diaphragas. 

The key response paranetexa used to predict dasuige in eadi case are outlined below. 

Earthquake 

a. structural: Interstory Drift 

b. Non^structurali Floor Velocity or Acceleration 

c. Glass t inberstory Drift 
Wind, TomadOj or Hurricane 

a. Structural: Interstory Drift 

b. Partitions: Interstory Drift 

c. Glass: Direct Pressure 



SUMMARY 

Ihis report presents a netbodology for evaluating the potential damage of buildings 
doe to earthquake and extrene «ind including tornado and hurricane. Ihree independent, 

but related, sets of procedures are developed. These ranged from a qualitative procedure 
bii£ed on field surveys data to a detailed analytical procedure involving a digital com- 
puter program. Historical seismic and meteorological data are used as the basis for o^tab- 
lishing environmental loads. Damage estimates are based on eopirical correlations between 
■tEuetural response and observed damage coupled with engineering judgment. 
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BAS9C ST^UCTUHAL HATiMG (BSR) 



DCD - GR + 2 (LARGER QP SRI OR SR2) 



RATING OF TYPES OF STRUCTURE (GR) 



Figure 3. Scheme for Determining Basic Structural 
Rating 
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INPUT 

• Environmental Data 
for earthquake, 
Wind and Tornddo as 
Stftqulred for Selected 
Hazards 

• structural .".oueling 
pata Accorcixng to 
Specifiad Modeling 



subroutine:: 

LUAOS 



I 



SL8 ROUT IMS: 
STRUCT 



• Damping Type 

• Duccility to 



ailure 
• Interstory Drxft- 
To-Yield 



SUSftOUTlNE: 

OYNAMC 




• Compute Site Earth- 
quake Loads 



• Define 
Structural 
Model 



NO 




Evaluatf^ r.yn.-'.r.ic 
Response to 5ive 
Ground Motion 



• building Data 
Needed to 
Compute Pres- 
sure Distribution 
(Dimensions^ Floor 
Weights) 



• Roof Configuration 
Data and Analysis 
Option* 



• Damageaijility Data 
(Quality Factors) 




SUBROUTINE: 
STATIC 



SUBROUTIH£: 



1 



SUBROUTINE: 
DAMAGE 



(JTOT) 



NO 




no 



Evaluate Equivalent 
Static Response to 
Wind and Tornado 



• Evaluate Equivalent 

static Fei.LQnse of 
Long-Span Rooi to 
Upli£t' and Ponding 



• Evaluate Structural and 

Non Structural Daiaage to 
Building Due to Earth- 
quake, Hind, and/or 
Tornado 



Figure k. Schematic of Computer Program 
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MODE DEFLECTION 
SHAPES MID SHEARS 



Figure 6. Story Stiffness Model 









f 


MODE 


OEFIECTION 


SHAPE 


AKD SHEAItS 



Figure 7. Empirical Model 
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MODE DEFLECT I Oli 

SBAPeS AND SUEAAS 




MODE DEFLECTION 
SHAPES AND SHBARS 



SHEAR WALL OR FM>'£ AND SHEAR WALL BUILDING 



Figure 5. Detailed Frame Model Options 
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BXPERIMBinM. BBSEMCH OH THE 1I8BZSHXC CilinCI«Z8nC OT 
SPUBBICM. SmSL TDIK FOR LlQ(m> mBOUlCK GHS 



Klyoshi Nakano 
Head of Structural Division 
Building Researeih institttta 

MaXoto Watabe 
Chtttf of Barthqoalce Engineering 

Xntematlonal Institute Of Setsnelogjr And Eerthqusks Engineering 



The results of static and dynamic tests on a spherical steel tank are given in 
detail. A theoretical tedmlqne to eiplaln tlia "elosliiag* affect la preeented. A 
proposal £or a safer design pxooedura to r«!plaoe the present aseismie design prac- 
tice is presented. 



xey Wordst Dynamic analysiat earthguake; seisndc dasigm seiSMic response; 
spherical tanks i structural design. 
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It has noantly bmn pointed out that large tanks containing flamnaible materials in 

asvl around densely iKj^-iuldited cities present a danqerous s i t'.iat iur, for the safety citi- 
zens during severe earthquakes. All p«ople in Tokyo, tor instance, would be burnt if all 
petroleuB and liquid petrolaam gaa in and axpund Tokyo should catch fire due to an earth- 

Unfortunately, aeeiniic design of these tanks has not been adequately developed. For- 
tunately, research on the aseismic properties of spheriaal tanks used for liquid butane gas 
has been conducted by various oosmlttees. Bscent rssults on somtt of thlB researdk will 

be presented herein. 



SCOPE or EXPBRXMEMTS 

The test specimen that vas selected consisted of a one-third scale model of a large 
spherical tank, the d tiwrnsl ona of ttm tMt specinen are illustrated in Figure 1. The 
weight of the test epeciinen was ten tone and can contain ISO tons of water {88 tons of 
butane gas) . The weight of the test epeclmen was liaited by the capacity of the shake 
table, detail* of which are shown in Figure 2. 

Initially, the test specimen was subjected to static lateral loading by slightly tilt- 
ing the specimen, as is shown in Figure 3. This type of loading was expected to give data 
on the stress dlstzibutioas in various parte of tJie speciiim and tiie basic lateral stiff- 
ness of the '^pccim^n. The locatiott of the strain gages and other measuring devices are 

described in Fiyuxc 4. 

The test specinen was then subjected to the dynamic loading. Initially, hand-powered 
excitetions were Induced in order to obtain the i^roximate ftindamsntel period and danping 

characteristics of the test spccimon. Mecyia.'iical input forcei, tisinq a i^inusoidal wave 
Within tiiC range of 0 to 16 H^, were tiien applied. Also, forces of actual and simulated 

earthquake motions, such as the El Centre Earthquake, Hidakasankei Earthquake, randorily 
modified Bl Centroi Earthquake, were also applied to the test specimen. The quantity of 
water, i4tiah re p re se nte tiM amount of liquid butane gas, was varied fay the following per- 
centages: 0%, 20%, 30%, 50%, 60%, 70%, 80%, 90%, and full. Through this variation in the 
water content, the complete aspect of the sloshing phenomenon was made clear. 

The final stage of the e3q>eriiiient was to induce a failure mechanism by inputing a 
wave of the modified Bl Centre BartiiqiMke with 400 gallons of peak acceleration with 85% 
of the full water oapaeity. 

In order to measure accelerations, ton accele ro.T.eters were utilized. To measure re- 
lative displacements at the base, transducers were attached between the test specimen and 
a rigid safe^ guard. This guard was installed around the test specimen to protect the 
transdttosrs in ease of premature failtire. Prior to the dynamic and static teste, tensile 
ftoroes mre induced into tdw diagonal braces by msana of toggle bolta. The tensile strains 
that vrere ii[c>osed were of the order of 250 u in./ln. , the value of lAieh Is typical of the 
strains induced in tanks used in the field. 



DISCUSSION OF THB BXFBRIMBNTAL ItESULTS 

Static Tilting Test 

Figure 5 describes the eiqperimentel resulte from which the lateral stiffness can be 
oosvuted. Also shown is tiM calculated load-defonMition response. The calculated load- 
defoxaatlon curve and thus, the lateral stiffness was based upon the fbllowlng aesmption. 

1} The ^iherieal shell Is to be rigid (at Point a shown in Figure 6) . 
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ii) The Point "a" In Fifore 6 is agatawd to be the center of tixe connnection 
between the tubular column end th« spherical shell. 

ill) Delurmation of the members is determined by using a conventional energy 
method, excluding shear deformtione. Surrounding the connection to the 
tubular oolunnr significant stress concentrations %rare observed at a dis- 
tance within tliree tines the thickness of the spherical shell. Using the 
above area, about fcur times the yielding Htrain should be expected when 
30% of tha total weight is spiled as a lateral static loading. Outside 
of this eonnecticn area, the etzese oonoentration effect can be disregexded. 

Elastic D;,'niimic Tci£i 

m order to detersdike the dynaBiic properties of the test specimen, the following fac- 
tors niist be determined: 

1) Characteristic Period 

ii) Fraction of Critical Damping 
ill) Effective Mass of the Dynamic System 
iv) Response to the BarthquaKe Loading 

a) Periods and Daqping 

Khen the test structure contains a liquid, the so-called "sloshing phenomenon" 
(motion o£ the firee surface of the liquid) beconee a conmon problem and thus the 
simplified model illustrated in Figure 8 is useful in understanding this complicated 

behavior. W^, given in Figure 8, is called the "fixed water"; is called the 
"effective mass for sloshing") )c£ is the lateral atiffnejis of the structure? and k 
is I3»e virtual stiffness, all of these parameters chai i rt-rize the shoshing phenome- 
non. In this ei^riment, and are of the same order, however, i« much smaller 
than k£< Aiervfore, the two resonance modes appear to b* indapendeoi: and thus the 
"straotural period, Tf" and "sloshing period, T^" modes will be defined as follows > 

Tf - 2it /Vf * Wp/g • k£ 

Tg = 2« rVg/g • kg 

Through a free vibration test, excited by inpulse Shock and through resonance curves 
Obtained by heueaanic esoitation from 0 to 16 periods and fraction of critical 
damping, as indicated in Table 1, were obtained, ^e difference in the fraction of 
damping as obtained from thr? free vibration and the one obtained from the resonance 
curve may be due to the powerless performance of the shake table. The damping of 
the sloshing is extremely small, and almost iaiposslble to stats nunerieally (0.043%). 

b) Stiffihess and Effective Mass for Sloshing 

The lateral stiffness of the structures, as obtained from the static tilting 
test and by ttas tiieoretieal calculation, coincides exactly. 

ihe values of and were obtained from the experimental results. Consider 

the weight of the structure without water to be equal to W , the lateral stiffness 
k£, the structural period without water T^, and with water T^, and the dynamic factor 

Of the struetore . if all of these parsneters are known from dynamic tests, then 
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Tharafora, the fraction of fixed water f (n) to total watar is> 

f(n) = Wf/w^ = {w,,(T£/r^^)2 - D/w^ 

If wa define the dynamic factor of sloshing, tfitiumt daaping, as and the 
baae diqplacenant as 6^ and g as & - '^(/'^s' ^^heni 



Tlie ehear &roe or lateral taring in the atmetwa can be evreaaed aar 

'a - S ■ * «o 

XktLnq this value, tite dynanio factor of the structure g oan be eivreaeed asi 



Natir.q that m 4ir^/T, w^/g and atibstltuting this relation into the above 
equation, givasi 

1 ''f^-^ 2 

Using the experinental results and noting that the sum of and Wg equal the total 
weight w , that and are constant and are indepandant of the amplitude or fire- 
quency of the input aeealaratlon, the paraaeter f (n) is obtained as shoan in Figure 9. 

c) Hssporiae to fc^AE t^tquai;e i:xcitations 

The linear response of the tank to the modified El Centro Earthquake is tabu- 
lated in Ttible 2. The naaning of "modified" is in relationship to a digital filter^ 

ing process that is required in crder to assume that the maxim'jiri displaccnter.t of the 
earthquake is limited within thio Taxinvin -.troke of the shake table. In t:ii s expt^ri- 
msnt, the maximum displacen'-'i't was lir.ited to 2.5 cm for a peak acceleraticr. ot 400 

gallons. When the capacity of the shake table is not sufficient to excite a heavy 
test speciinan, the spectrum ratio betueen input and output oontaina a dip along the 
frequency curve of the structure. Unfortunately, this condition occurred during the 
testing of the tank structure. Figure 10 shows the response spectrum of the output 
wave as recorded at the shake table. The deep dip can be seen in Figure 10 during 
the fundamental structural period. Modification of the earthquake excitation will 
not iqprove the response and little can be observed about the aloahing phenonenon. 

cynanic Test of Failure He<aianiaM 

The failure mechanism test was instituted by imposing input of the forms trtsiated to 
the modified El Centro Earthquake (N-S comp.) wave with water content ratios equal to 75% 
and 85%. Assuming the water content ratio equal to X , the equivalent fixed "liquid" 
ratio y for A percent content of liquid butane gea ceH then be eatimated as given in the 
following proeedurei 

Assume a density of liquid butane gas equal to p 0.^85 and a fixed water 
watar ratio f (r)) for a water content ratio X , then y^ is related by the 
following ei^ressionf ^ 

pxy = io^o 
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FiroB Floors 9, for iastanoe, if is osaoted to be 75%, then is 0.53 and thas >y equals 

0.68. Cnce again from Figure 9, the value of 1 and y arc- 0.915 and 0.74, respectively. 
By this procedure, it may be understood that 75% of the water content is equivalent to 
91.5% of tlM butui* liquid coDtant, Id vtew of the "fljnd Uquid" might* 

in Figun 11, tiw relation betiiean tiie raqponae aeoeleration and response di^laoe* 

ment, as the results of the fedlure mechanism dynamic test, is shown. Due to the inelastic 
property of the lateral stiffness beyond the application of 260 gallons, the acceleration 
and displacement is not linear, but has a multi-linear rsaponse which can be predicted 
theoretically as is illustrated in Figure 11. 

Fracture was observed at the connection in the area of the diagonal bracing bars. 
Almost simultaneously, failure was also observed in the tubular colvmui around the area of 
th'j connection to the lateral bracing. No visual failure was seen in tlie shell sphere at 
the connection to the tubular column. In Figures 12, 13, and 14, the time history response 
at various locations are shewn. These responses are the displacements and accelerations 
at the base and at the center of the s tru ctMge, i±» strains in the diagonal bracings, and 
the strains in the shell adjacent to the talMlar oolunn connections. 



OOHCUSZON 

Through a series of experiments the follotring observations have been made; 

1} The sloshing behavior can be treated quite exactly by use of a simplified 
BDdel. 

2) the fregoeney periods fbr thm structure and sloshing arei 

T„ (Sloshing period) » /o/g s(n) 

where 

D • olaMetttr of spiherical tank 
g ■ Gravity acceleration 
n = Wat6£ content ratio 
s(n) ■ Function of n as shawn in Figure IS 
Xn tills aiverinsnt is rnqpcessed 

T, - 0,134 /5 stn) 
•s rtiown in Figure 15. can be predicted as 
- 2n AJj + Wj/g • 

where 

*f " • f Cn) 

- Weight of steel tatflc itself 

f(il) = Function of n as shown in Figure 15 

" structural lateral stiffness as given previously 

3) Fraction of Critical Daqplng 

For str'jct'jLral dampini'j, the traction of critical dasping is 0.6%f While fOr 

sloshing, the fraction of critical daiqping is 0.043%. 
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4) The spherical shell can be assvuned to be a rigid body, a0 indicated by the 
c«lculat«d 8tif£nes8 and atnsses in tiie diagonal braooa. 

S> Eacitation in tJia Transvaraa Olraetian 

Hbout 20% transvarse excitatl«n was observed during i±» last stage of the 
ajqpariaiant. 

6} Aaelsnic Coefficient 

The yielding shearing force was equivalent to the base shear coefficient 
(asaianic coefficient) of 1.00. ThereCore« if a response dynanlc factor is 
aasund to equal 3.<hA.0t then this type of tank vill not be safe when biA« 
jeoted to a peak acjjeeleratlen equal to or greater then 0.3 g. 

7) The sloshing pbenonsnon was observed during the last stage of eaceitation. 



COMMENT OH THE SKFBtt OP TOE StBEL OmXtCKL TXMXS 

In view of the explosive poteritirtl of tl'jftse types of Tir.ka, fracture cannot be per- 
mitted during severe earthquake notions. Because fracture of the diagonal bracing doas 
not lead to total collapse o£ the Structure, the load capacity based on that load wllioh 
indwoas a yielding lataral force can be used as a design criterion. 

In t'liu rrisc of ■^•nailer *ar.ks, as was this test j-iiier in-T. , t Iv? response dvnariic: factor to 
•artbquaXe caotions will be about 3.0 to 4.0. If the size u£ the tank is increased, then 
the fundamental period will be Inexaaaed, so the retqprwiwa dynamic factor will be reduced 
to a value of 2.0-1.0. in this sense, the base Shear coefficient should be determined 
according to the fundmantal period. Gonaidarlng that tdie reserved strength of tlieae 
types of tanks is .xbout three times tlie elastic design Strength, the following base shear 
coefficient (C^} is appropriate. 

- 0.45 - 0.6 Tf ^ 1.0 sec. 

Cg = O-*^^ - + (Effect of Sloshing) T^ > 1.0 sec. 



This research was supported by the National Science Fund of the Japanese Oovezment 
supplied by the Science Technology Agsnoy. This research prograai was carried out by tiie 

following committee members} 

M. Hatabe^, H. Mciyau^, Y. XitagaRca^, 8. Murata^, K. Susukl^, Y. Fnkasawa^ 

The help extended to ua by the staff of the large-aeale shake table In Taukiiba is grate- 
fully acknowledge. 



'international institute of seisaology and BarUiquaka Bngineering 
^University of Tekyo 

V-55 



Digitized by Google 





Fig, -2 THE CAPACITY OF THE SHAKING TABLE 
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Fig. -4 LOCATION OF STRAIN GAGES 
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JtBSGABCH ON MINIMIZING EARTHnUAKE STRUCTUItMi "HHIWB 
TO SINGiiS-fAMILy DWELLINGS 



by 



Willian J. Waxtnut P.B. 



0££ic« o£ Policy Oevalopment and Researdi 
Doipartaiant of Housing and Urban OavelosMnamt 



This paper discusses proposed research work to be carriea out by the Applied 
Technology Council of the structural finginaaxa taaociation o£ California under 
tiie sponsorship of the Departnant of Mboaing and Urban Developnent. The abjective 

of the project is to develop a n-.anaal of recommended conHtruction practice far 
earthquake resistive dwellings, for use primarily by builders, building officials, 
field inspeotoz«( plan dbm^cmrm, and daaignara. 

The manual is intended to ej^lain the structural beihavior of slngle^fandly 

dwellings and townhouses subjected to forces produced by earthquake shocks, illu- 
strate the HUD Miniimim Property Standards, building code earthquake requirements 
and sound practical construction methods and details for the reduction of single 
family dwelling dasiage. The p<^er discusses the need for this research, the var- 
ious tasks the onutraetor Mill perfom, and the final ptoduets e]q;>eeted to be 
achieved by the research psogran. 



Kay Moxds: EuilJing codes; construction praetioesj danaget earthq^e> houses^ 

resxdential dwelling. 



I 
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Historically, tJiera has baen a great daal of Intarest on the part of the englneerliig 

profession in investigating the damage to buildings and other structures as a result of 
seismic actj.vxty. In the United States, as in other countries, disaster teams coniposed 
of qualified experts in the field are anvang the first people at the site following an 
earthquake or similar disaster. Itais activity has even been ej^anded into international 
cooperation wtaexeby dieasters «ltidi occur any place in the world are thoreiiiglily investi- 
gated. 

Tlio roLiulti Gi" theti'j investigations CcUi be found in detailed reports which identify 
the nany types of failures which have occurred and, in greater or lesser degree, offer 
recxwnendatianB for prevention of the types of failure dbserved in the fntura. The in- 
corporation of these recomnendations by professional engineers into buildings for which 
they have design responsibility, even though perhaps not incorporated into building codes 
and K trindar ds , ia by virtU'- of tl-.t- prof ossi t;naiii;m of t):n engineer as a matter of good 
engineering practice. This is not always the caso in those types of buildings which ciay 
not have a pzefesslaoal engineer or ardiiteet in reapenaible <diarge of the design. This 
elus of building is usually the single family house, it is because of this situation 
that the Departnent of Rousing and Urban Development has Initiated a research program 
into the area of the reduction and/cr prevention o£ the types of failures observed in 
single fajnily bousing in past eartiiquakes . 

taong the mnny reports of the effect of past earthquakes, one of the nest significant 
was a study on the perfoxnanee of single family dwellings in the San Fernando Earthquake 

of February 9, 1971. This study found that the total finaneial losses to single family 
dwellings in the S^ln Fememdo area were largei the financial losses to any other 

building category in the private sector. Wood frame dwellings generally had increasing 
damage In the following ordert one-story, two-story, and split level. The primary cause 
of the overall damage to the buildings was attributed to the lade of adequate lateral 
bracing. The types of dwelling components with the higher danage values were the exterior 
wall finish, the interior wall finish on the exterior wail, and the interior partition 
finish. The increase in damageability progresses from the non-brittle finished materials 
<plywoad) to the more brittle materials (stuooo, gyspua lath, and plaster, etc.). 

in order to attadc this problem, the Department of Housing and th±«n tevelopment has 
engaged the services of the Applied Technology Council, lAidi is a nonprofit corporation 

estabiiiihcd in October 1971 by the Structural fclnrjineerss Association of California. ATC 
will embarJt on a research projpct^, the objective of which will be to develop a manual of 
recommended construction practices for earthquake resistive single family residential 
buildings for the use primarily of builders, building officials, field inspectors , plan 
cfaedcers, and designers, fha manual will explain the structural behavior of single family 
dwellings subjected to forces produced by earthquake shocks, illustrate the Departmental 
Minimum Property Standards and Building Code Requirements, and further illustrate sound 
practical construction methods and details fOr the reduction of structural damage duf to 
earthquakes. The manual will illustrate reooamwuded construction details, ardtitectural 
layouts, types of oonstruction reconmended or to be avoided, and metiiods of installing 
mechanical equipnent to resist seisn-.ic forces. Tt in intended that the manual be self- 
explanatory for rapid and clear understanding of tne material contained therein. 

Several resource documents illustrating single family house failures due to earth- 
quakes will be used by Ktc in perfocning this project idiieh Is antieipatsd to take anprox- 
imataly cwelve months for oosfpletion. atc will perform the pxojeet in a aeries of well- 
defined tasks includingt a review of existing damage literature, a review of tile KDD/m 

MPS p.ni rarthqi;ake code requirements, development of constr i-tinn details including 
supplimentary engineering analysis and an educational slide presentation to builder 
organisations and rslated grou^. 

of primary importance to the OJNR panel on wind and seismic effects is Task 3, which 
is the development of construction detail.^;. ATC will develop typical engineering drawings, 
illustrations, and details for residential dwellings which are required to resist forces 
from sarthqoakes with appropriate dsseriptlons and evlanations so thst thm full intent 
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of the construction detail may be easily understood by a builder. The construction details 
Mill be presented in such a manner that analytical calculations by the user of the manual 
will not be necesBary in order to fabricate the detail. If necessary, stteh details will 
be categorised by the earthquake zones in the United states, i.e., 1, 2, or 3. However, 
it will be required that the details be substantiated by caluuidtio.is to the extent neces- 
sary for the engineering justification of the integrity of the design to rcaiat sLiiamio 
forces. Typical details will be illustrated for the various types of construction most 
coononly used in the United states for residential Afellliigs In selsmieally active areas 
including t wood frame with wood siding, wood frame and brick veneer, wood frame and sfcoooo* 
brick or block masonry, steel and/or aluminum frame with siding and/or masonry veneer and 
other prevalent conventional combinations of framing materials and building coniponents . 
Included also will be construction details for basement and slab foundations, the structure 
of the dwelling, installation of utilities and mechanical equipment, chimneys and fire- 
places ^ attached garages and other architectural and structural eooponents idiich affect 
the strength, rigidity, and stability of the dwellings. 

Ir. order Uiat this data can be effectively transmitted into the hands of the ultimate 
users, a slide pretientation accompanied by apprQpiiat* text 'material and voice tape will 
be used to ei^lain the contents of the manual to user groups , such as builders, building 
officials, and designers. The presentation will be self-e]q>lanatory so tliet it tnay be 
presented to the organizations without the need of expert^ for extensive interpretation, 
trior to extensive national exposure, presentations will be made by ATC to hoae builder 
organisations, designers, and building officials in Los Angeles, San Francisco, Portlandf 
Oregon, and Seattle, Washington. After these sessions, the slide presentation will be 
revised as necessary based upon the questions raised by the audience and the appropriate 
answers which develop f^om the discussions. The revisions will be such that the present*- 
tiojt becom& self-explanatory so that it may be presented by others without further ex- 
planation being reqiuired. 

Nhile this paper has only dealt with our on-going research activity, the results of 

which are not yet available, it was felt that it would be of interest to this body in teias 
of a knowledge of the type of activity which is being sponsored by the Department of Hous- 
ing cind Urban Development in the area of disaster mitigation a:id loLiS control. At the 
next nseting of the U.S. -Japan Panel on Wind and Seismic Effects, we will make available 
the final reports of this research and present the audio visual program for ycmx ftirtiier 
infoxnation. 
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EMTTHQUAKE EWGINKERING RESEARCH StlPPORTKD 
BY THE NATXONAI. SCIENCE FOUNDATION 



by 



Charles C. 

Prograjn Kan.^ger, Earthquake EnginRsring 
Reseazch Applications Directorate (RANN) 
Natiooal Sdenea Fommdlatloin 



A suirmary of earthquake engineering research work conducted by various re* 
searchers throughout the United States under the sponsorship of the National 
Sei«noa Fovn^tion is presented. 



Kay Words: Barthquaka angiiweringr grant} RAMI; qponsorshipf atroetucal engiiwaring. 
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INTRODUCTION 



MuMxeus r«oant publicAtiona attas'b to th* MrleasaMs e£ th* hacard pz«s«nt*d by 
•avthqiukea to p«opleB and eeononles, both of tite Onited States and of the world (e.g., 

Ref?;. . Thus Chapter ? 1 ) ass'-->-ts, "Fa; thcr. lakes , of all the natural disasters in 

tins c;ounLi-y, uaxi iaiiict U.u yireateiat st iite and property. Studies have concluded 

that a repetition of the 1906 San Francisco earthquake could cause billions of dollars of 
daiiia9a« with tha potential losa of thousands of livaa. They ace the moat difficult 
disaatar pha n oaa n o n to pr^ara for." Bafarenee 3 relnforoaa these eoaeluaions by forecast- 
ing aone $21 billion in earthquake losses for the state of California alone, the period 
being 1970-2000, under the assunption of no "improvement of existing policies and practices.' 

The 1969 National Academy of Engineering report (3) has served as a useful basis for 
. xvcent MUIN planning. Its introduction dasarvas to be quoted at length: "Earth(iua]ces 
davastata cities, with heavy loiss of Ufa, several tioas each year, h zaeant aicaapla lis 
the Kheraea^, Iran, earthquake of s^tandser 1, 1968, with over 10,000 lives lost. The 
United Statc-s has bean shaken many times by large earthquakes, for example, 1964 Alaska; 
1959 Kebgen Lake, Montana; 1949 Seattle, Washington; 1906 San Francisco, California) 1886 
Charleston, SOUth CaroUna; 1857 Fort Tejon, California; 1811-1812 New Hadrid, MlSBOUri; 
1755 Oypa Ana, Maaaaehusatts. ihe history of destructive shocks in the imlted States is 
very alhort ooa^red to other seisadc regions sudi as Japan, the Middle Bast, and India 
because the country has been inhabited by urban dwellers for only a short time. The 
growth of population and the developnsnt of cities are so recent that it is only during 
the past 100 yearSf ta sor iiiMt the potantial for great earthquake destruction has existed. 
It ia evident, hoiMVttr, fxon paat occurrence of earthquakes that the highly seisoiic regions 
of the oountry hav« a aerious earthquake prdblan, and evwi th« 1«m •aisnie ragioos in tiia 
central and eastern parts of the country hava an aarthqnaka pxoblan whi^, although lass 
urgent, should not be ignored." 

"Public %talfare, in nany parts of the country, . depends on facing the following ques- 
tiona: ^at intensity of ground disking nay occur7 Row will ajcisting buildings respond 

tc the ground shaking? How should new buildings and Other works of man be constructed so 

as to Qiriinize earthquake hazards?" 

To illustrate the nation's life risk to earthquakes (and infer its property risk) , 
the following table lists the population at varying risk: 

seimlc Pisk U.S. Total California 

Zone 0 (Low) 16.1 M (8%) 0 

1 115,1 H (57%) 0 

2 40.5 M (20%) 2.6 N 

3 (High) 30.9 M (15%) 17.3 M 

Zone 0 corresponds to no earthquake damage expected; Zone 1 - minor damage expected; Zone 
2 - moderate damage expected; Zone 3 - major damage eaqjected. Thus 35% of the U.S. popu- 
lation (71.4 H) are in risk zones 2 and 3, of which 28% are in California. The extent of 
davalopoiant in different regions of the country has led to the conclusion that there will 

be as much damage to residential type structures in the next 200 years east of the Rocky 
Mountains as west of the Rockies. The destructive potential posed by earthquakes is in- 

deod a ttational oonoem. 

WitMn tlie United States, Barthquake Engineering is a young field. The great San 

Francisco Earthquake of 1906 has generally been credited with awakening the nation to the 
disaster potential of the occurrence of quakes in its urban centers. The primary scien- 
tific consequence of the 1906 event was the identificacicr. and development of seismology 
as a research area. It was not until the Santa Barbara earthquake of 1925, however, that 
sacloiia attaatlon became focused on research into seismic design. Prior to this event, 
the peavaiUag attitude was that if adequate information ware made available to the de- 
signer fliaottt tlia phan c Ba n o n , ha ooold oopa with it directly. The 1933 Long Beach aartfa« 
quaJca astablishad aartiiquaka anginearing as a lagltinata academic and professional rasaardi 
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pursuit and forced the inclusion of earthquake considerations in the building oodes of C«li> 
fbmia, and eventually elsewhere. 

From h'SF's beginning in 1530 to the ij>reat Prince Wiiiiaci Sound Alaskan Earthquake of 
1964, r.hc Foundation's commitment to the sujp^rb of earthquake engineering researdh was 
limited to a feM awards. The Alaskan quake caused extensive damage to modem structures. 
It caused the NSP to assess its oonmitment to fund reseairch in the £ield of engineering. 

The Engj-ii'->eri;ic- Mt ::l-.ani its Prnqrrir,, f n ' 1. o'.r ri L.rj,;nne7;r^ , identiiicl L'ar thquake iingi- 
neering Keseatch a& d iocusfed activity within „ts general disciplinary support ot Civil 
and Kedianical Engineering Research. 

One of the new program's first steps was to have a conprehenslve report on the state 

of '<;nowiedgfi and research riuc-dc r-'opared (3/- rial..;. rial conference VdS held to exchange 
on^oijun rose if eh i i"j L crn,:, L i on _i;id u_-uablish . T;\e Cr.ivorsitios CcLincil or: Earth- 

quake Enqineerir;'-.' KeL-ctach (LiCZERj w-a'j for;r.:jd y eoiiiequcnrje of the latter activity. It 
acts as a forum for the exchange of ideafi in the university community and as a focus for 
coordination of resear^. 

The^ first focused program ^xvii-i-dr "--ureR wn,-.-'^ -n 1966. For the next four years, Uie 
Mechanics Program nai ;"i-a".neri an award l-.-vel cf f...'P^cx:_mate ly one million dollars annually 

(see Figure i) . During this period, a major er^hasis was placed on developing a research 
ooimunity capable of achieving substantial forward strides in the 1970*a. Awards were 
made to a number of institutions atwl principal investigators. 

T]io S.iti l-'einarido Ear'.h:.|ULike oi l''o!:ii Jai y 9, , 'Tu^ iio;-:ie':? fi';£]OL' inpetus ".n commit- 

ting the NSF to vi<joroua si^port oi Eartliquak« irrj ^lieering Research. !\do\\ . nhis titne, the 
roundation initiated its Researd) Applications Directorate (SANN Program) and included the 
Earthquake Engineering Program as part of its activities. From its inception to the crea- 
tion of RANM, Dr. K.P. Gaus was in charge of the Earthquake Engineeri.ng Program. Subse- 
quently, tiie program has been under the direction of Dr. Charles C. Thiel. 

The program has grown since becoming a pert of RAHN frm; a base level o£ $2.5 sdllion 
in FY 1971 to a level of $8.0 million in FY 1974. the program has assunad extensive new 

research responsibilities during this period. In 1972, major efforts in utilization (Data 

Daeo, I nforjnat-. -i oTi Iji ';ri<,:r. i.n.i tiTui , aMd T...". ;ij ((jl-_ij v TrL.ija r ;■ wcte In i t; ).■::••■.■ . 'i ■■J7;3, tS\e 
basic program was aU'jrocnted by im :, '; • r..: ^v-. .-rel^ ' I. "it- sr-t^a of fy='.ein Jf ■ .-i_:-t .ti dc In 
1974^ the ar(£as Qz Inp lcmciitatio:i -SLudLeL- rti':'-. !'r..'.li::y wers accec: to mAKf uha program 

more conprehensive. (See Section 3 £or details). Between 1^66-1974, the program has made 
awards to over 100 principal investigators at over 3S institutions, Kot listed in these 

proceedin.^B am t\:o. details of the awards during the past three years. Cii>-re!it?y, 

about grants and coritraets are i . .A.^ thfilifih awards have been prin-,.= rily ta univcr- 
sit:Les, wo arc beginning to uje tjie i ul eL;i':,::'S. o'- f- r or 5 ' -.jr = ^ mo-:-; t ti-!S , govcirntncntal 'onitS, 
and profit naxing organizations, subsequent sect:xons dascribe tne spticiiic objectives of 
the NSF program. 



The occurrence of an earthquake/ or any other natural event, i ?; important c-niy Insofar 
as it affects man and his works. It is the disaster potential of earthquakes that has 
caused man individually and collectively to seek adjustments to his physical and social 

environment that decreas.i ai;-: veine rability . •..''ic- rveac irenent of vu."! re rtUJi lity is related 
to the potential or rf^alii-ed io^s or Hfe (and -e'l.U'yl, j- -ore- e-ry daraace, and/or disruption 

of function, flhile eacn individual oi jroup will apply a different norn-.ative conbiration 
of these measures in its decisions, the general objective remains to control the sequences 
of the event. 

As adjusuacr.ti,, one nkiy suck Githst -^o change the phenomenon or to alter the response 
of man and hx5 vorks \o the phenomenon. Possible physical adjustments the decision maker 
may seek are to: 
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Gontxol the event by prevention or nodification of the event 
Anticipate the event ao that renadial actions aay be taken 
Identify the seisaic potential of areas 

Construct facilities so as to perform acceptably during and after 
the event 

taoDig tile possible social adjustments, the decision maker nay seek to: 
Plan for tJie warning, response « and recovery to the event 

Distribute economic risk 

Generate and select altenvativa physical development plans 

Adqpt and enforce soning, oonstructienf and nanagenent standards 

Clearly the physical and social adjustments depend critically on each other. It must 
be renanbered that adjustments to earthqueUces are not made in vacuo ; there are other oon-' 
siderations in making decisions regarding valner«d>ility reduction. 

Noting the responsibilities of other Federal agencies to develop techniques for earth- 
quake prediction emd control (USGS) and noting the types of adjustments giver, abcve, four 
general objectives have been identified to fulfill the overall program objective. The 
latter is stated first. 

BMM Earthquake Program Objective 

To develop methods that allow decision makers to control the consequences 
of eartfaqimaJGe oceorrenoes. 

in fartheranoe thereof, the RANN Program stipports researdi projects leading tot 

A. Design DoveloijM.eiii oi tjciaoitdcaiiy feasible design and 

. r.itru-* ion methods for building earthquake re- 
sistant structures of all types. 

B. Land use Development of procedures for integrating informa- 

tion on seismic risk with on-going land use plan- 
ning prooesses. 

C. social Develqpment of an lac>roved understanding of social 

and eoononde oonseqoences of Individual and ccnwunr 
ity decisions on eartbqoitke related issues. 

O. Iiqpleiaentation Presentation of program results in forms usable by 

the affected interest . orarunities to control their 
vulnersbility to earthquakes. 



SPECIFIC OBJECTIVES At,0 PJ-jjGP.V'I iil^MENTS 

In order systematically to structure a program over a period o£ years aimed at achiev- 
ing the four genial objectives r nine prognm elements have been identified. With eadi 
of these elements are associated several specific objectives, which serve as guidelines 
for developing that element, in the context of the present report, however, paurticular 
proi'dzt descriptions are inappropriate; rather, the program elements serve as categories 
into which specific research activities can be divided. 
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It should be noted that this method of structuring earthquake engineering and related 
fields owea a debt to the NAB OOHMittee report (3) . 'On* detailed prograa breokdonn and 
seoannendatione prepared by NAB have {lEoved very useful in strueturlng What follows here. 



The nine elenents have been firamed so as to deal with ^-j^ - fic problems in the deeigttr 
anaXysiSf and synthesis of engineering and scientific knowledge to control the eonsequenoea 
of earthquake, neasuzed by life lass# property loss, and/or function loss* 

I . Grauud I-lotioft/Datg ^ervicua 

Destructive ground motions resulting from earthquake action are of several different 
types. Including heavy ground shaking, alow or rapid fault slip, stibsidence, and landslides. 

Fvir4dairic-nt.al to an unrlf-rr.tar.di nq of .any of th'=-oe damaging p?.eno:ii-'r,a , howevr^r , i.s an accurate 
knowledge of the actual earthquake ground motion. Fundamental to the validation of struc- 
turrii de.?iqn and analysis procedures is the actual structural response generated by the 
ground notion. 

The measurement of destructive ground motions in the epicentral region of large earth- 
quakes and the associated response of structures is achieved by placing a network of in- 
strunents at a variety of sites whsre earthquakes are likely to occur. These instruments 
include both passive and active recording devices. The strong motion accelerogxaph records 
the tiaa history of aeealaration in thraa oossonant directions. It begins recording after 
an aeoeleration threshold has been exc ee d e d. These instruments are the most generally 
used and find applications in most types of data gathering. Otiier active recording systems 
include pore pressure gauges to irieasure the liquid pressure in saturated soils, earth pres- 
sure gauges to measure the inertial effects uf soils usually on a foundation wall, strain 
gaugeSf and displacement meters. Among the passive iiwtruinents are tlie seismoscope, a 
oonic pendulum that records motion on a smoked glass, scratch strain gauges and extenso- 
■sters. 

The measurements obtained are directed at achieving three principal objectives: 



A. To support the research program by measuring pertinent quantitities 

to validate, calibrate, and/or formulate theories of earthquake response. 

B. To stjpport the designer's need tor earthquake motion intomiacion at vary- 
ing geological and seiasiological sites. 

C. To obtain a coiqpratMB'iv* data base to perform micreregionalisation of 
earthquake risk areas based on events in the area* 



Tl:ese objectiv,:F. .irt; both resiearch and rjpurat ioruil program related. During FY 1973, 
NSF assumed responsibility for the Seismological Field Survey. SFS is the principal focus 
foe strong motion instrusmnt networks. Using SFS as its principal agent, the rank Program 
Willi develop criteria for placing an optimal strong motion recording netMorki begin the 
placement of this network by new Installations and adSwtments to the existing network; 
develop and place specialized instrunent networks to answer specific research needs, e.g., 
down hole soil response arrays, detailed structure response; develop a qualified products 
list of existent instninantation, define characteristics for new instrumentation, and 
•nsorm stea^ i a f ir e vew ent of instrument quality, sensitivity, and reliability. 

II. Soils Bsgonse and Analysie 

One of the greatest pctc-ntial courses of property loss is damage to structurcis that 
rest on soils or on foundations which, although adequate to sviiport the structures under 
ordinary eireunstanoas, might fail during an earthquake. X great potential for life loss 
resides in the possibility of a dam failure. The following areas represent forms of soil 
failure under consideration by the program: settlement of oohesicmless soilar bearing 
capacity falluvef embankamnt failurai soil liquefaotiony and waterfront bulkhead failures, 
etc. 
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The iiftumLQ bshavlor of a strooturB during «r eaxtbquake depends on the flhaking traas- 
nitted to it by tiie sarromidliig soil. HIwm notimfl are isiparted to the struoture through 
the Interaction between its foundation and tiia si^Efportlng soil and/or bedrodc and Include 

anpllfication affects. 

The objectives of tiiis element are to: 

A. Cevalop netfaods to evaluate and control soil failure potentials. 

B. Develop analysis and dasign aethoda to evaluate and control soil a^lifi- 
cation. 

C. Develop design and analysis ni'i 'J"irj.2s t::j :harac tt-riz-: tl.e loadings trans- 
mitted to structures tliiough soii-toundation interaction. 

HI. Structural Rasponse and Analysis 

The realization sf a .structure r^^^-or two conR'UiTic-ntary dctivItieHs nnalysjls, and 
synthesis and desic,'ri. Ai.alyi>iL- iorirui t'.,ii Laj_3 rox d4»!»igii. lijii ability to analyze a 
hypothetical structure and detertoine the stresses and displacements that would be produced 
by a spacdfied loading is an essential part o£ the design process. The more accurately 
title can be done, the more efficient and eoononieal can be the design and the more reliable 
the design factor of safety. The analysis of a structure can bo exceedingly difficult, 
first, since ordinary structures are exceedingly coicplex dynamic systems; second, because 
the ground motions which the structure will be subjected to during itK lifetime are proba- 
bilistic; and third, because the construction process leads to a structure which is not 
precisely knoiin. The analysis of structural respoasa requires knowledge of the full system^ 
including foundations, adjacent soils, and in sons eases tite properties of adjacent struo- 
tures. 

The objectives for this program element are to : 

A. Determine appropriate models for element (e.g., beam, ooluan, plate, 
ate. ) response to atmng motion excitation from analytic and ajqpari- 
mental studies. 

B. Develop digital computer metkjis j; aridiviis that predict earthquake 
response of structural systeins conf>arable in contplexity to real 
stzuctuzea. 

C. Validate -and calibrate these models by conparison with earthquake 
measured motions and damage of structural system and elements. 

The basic problem of earthquake design is to syntbesise the structural configuration! 
tlM aiaa, diapa» and materials of tbm structural •Xeaantai and Vtm methods of fabrication, 
so that tiic structure will sefely and economically witiistaid the action of earthquake 

groaiid not'i or.c- . The object of design is to control the effects of an earthquake on a 
Structure and keep damage within acceptable bounds. A further series of objectives has 
been detamined for this alement: 

D. Determine the dynamle properties of struoturea, elements, and materials 
under conditions of l4Ufge strains, beyond the yield point and up to fail- 
ure . 

B. Develop reliable, practical, and simplified methods of earthquake design 
fbr widely used and special important structures i e.g., Icw-risa rasi- 

d'jr.tial, lav-ris& commercial, school houses, high-rise buildinga, dams, 

fcixdges, aaid industrial structures. 

P. Thoroughly study structures that failed during an earthquake, as wall as 
those that did not fail, to refine design prlnoiplee. 
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G. Develop design and analysis methods for nonstructural elements and 
■sehanleal com{ioaenta of structures. 

IV. S ystei is Response 

Prev:-i:Lu= el-.xuntii ot tile resfearcli t-rograin have dealt almost exclusively with localized 
structures, that is, a single building, dam, etc. The operation of the community during 
the emergency md rocovery periods is dependant on the functioning of utility and public 
servlcs facllltiss tbat fu»etioa as a system with elements located at msny sites in the 
affected azea. The failure of an element can cause the total systen to malfmction or be 
Inoperative. Thus the design of system elements must consider the seismic characteristic 
requirements of the extended t/st<^m. Botli physically connected and non-connected systems 
are to be investigated. An exaaiple of a connected system is fire water distribution (stor- 
age, pomping stations, water Mine, etc.) while a non-connected system is represented by 
emergency health csre facilities (hoapitalSf clinics, laboratories, etc.). 

The objectives of the element are tot 

A. Dsvelep principles of planning and laying out facilities for minlmun dis- 
ruption of operations due to earthquake ground displaoements. 

B. Develop design procedures for special structures and equipment of each 
type of utility and public service facility. Among these, ranked in 
approximate priority order, aret 

1. Pire fighting and emergency transportation 

2. Emergency power and communications 

3. Hospitals and emergency agencies 

4. General ooamnnications 

5. Mater services and sewege disposal 

6. Bleetrical power end natural gas or fuel supplies 

7. General transportation facilities 

C. Evaluate existing methods of land-use control, such as microsonation, that 
will allow a ccamninilv to control its earthquake vulnerability. 

V. Coastal and Inland Waterways 

An earthquake at sea may gtaeraL* a tsunami, or tidal wave, that presents a real dan- 
ger to coastal and Island regions of the U.S. The risk posed by tsunamis may best be con- 
trolled by land use regulation in vulnerable areas. Verification of the occurrence of a 
tsunami permits thi evacuation of potentiel affected areas. 

If a dam fails, an inundation wave may he generated when the reservoir empties. This 
wave can cause serious downstream dair.a-io. structurinq dovmrreara land use, with this 
potentiality in mind, can reduce life and property loss, when a reservoir behind a dam 
is filled, a series of eartiiquBkes often occurs in tiie vleini^ of Htm lB|p<nindment. tche 
incremental risk these quakes cause above the natural risk is at present uncertain. 

The objectives of this eleannt are to: 

A. Develop matliods to verl^ that an ocean-based earthquake has generated 
a tsunami. 

"Notu i-iit :vjclear power plants and related facilities, which would otherwise head su^ a 
list, are a responsibility of the Atomic Energy Commission. 
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B. Develop nethodfl to anticipate taunani run-qp in ooastal xegiom. 



C. Develop DBthodB to antlcipete doMnstreen immdation levels. 

D. Determine the incremental seismic risk associated with filling a reser- 
voir and the degree that this risk ehould be part of the design criteria 
for the dam. 

VI. Technology Transfer 

Within the Earthquake Engineering Pxogranit utilization activities have be«t central- 
ized and fomnlated as a specific progran thrust, to be condnoted by a core seriee. of 
awards rather than distributed as a component in eadi individual award. 

The objectives in this elenent are tot 

A. Maintain a technical reference oolleeti<m of putollshed xflsioirts and 
papers and unpublished data available to researdbare and pxofessionalsi 

to provide for information dissemination. 

B. Maintain a goftware center to archive, dociunent, validate, and distri- 
bute oonputer programs developed for earthquake engineering an^lications. 

C. Consolidate the best knowledge regarding design and analytic methods 

from currt^nt and coinpleted research and professional cxpcrionca in codes, 
criteria, and standards for use by professionals and regulatory bodies. 

D. Conduct regular conferences and workshops to act as foci for dialogues 
between the research and professional coBnonities. 

E. Conduct post earthquake inspections to obtain engineering data and to 
Identify unfulfilled researdi nsads* 

VII. Cthur 

catcyoxy iikuludci. uo.iterence travel, general conterence support, advisory commit- 
tee meetings, program planning, and other activities that do not fit conveniently under 
one of the above classifications. 

VIII. lyleaentation studies 

Advemces in civil engineering methods are ixpli:-irr<:nted through two types of actions: 
individual professional application,- and adoption by regulatory/enforcement agency. The 
latter process is primarily political, while the former is educational, the structuring 
of the flow of technological developnente fzon research to inpiementation is a particu- 
larly arduous one. Involving a vast cm^lex of institutions, special Interest groups, and 
secondary agendas. The way in which this process works is not well understood. An under- 
standing of the process is a first step in structuring a methodology to foreshorten the 

period fxon xeseardi to practice. 

The objectives of this program element are to: 

A. Dttveiof ari unde irstdndir.g of the i_nifil£initMltatii.ui x- roce^s. 

B. Develop a methodology to program the education of professionals, using 
suitable aids, to the best eartiiquake engineering practice. 

C. Develop a strategy of program results to be processed through the com- 
mai.ity into regulatory and enforcttnent agency regulations in a tinely 

fashion. 
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D. Mtvoeate the aoconpUstanpnt by public and private groups of the developed 
plan. 

The accornplishment of these goals will have far reaching implications on several RAJ'IN 
programs. Indeed, the incorporation of earthquake engineering reserach results is but a 
small part of the problem of moving technical innovations into building practices. The 
■ane basic nethodology is applicable to fire safety, energy conservation, building utili- 
ties « and novel energy systens such as solar heating and cooling. Tha program elanent is 
beyond tha single interests of the Earthquake Engineering Program aod, as sudb, will be 
considered within the context of the building sciences. 

IX. Social and Behavioral Studies 

The mitigation of earthquake effects may depend on a variety of actions not directly 
associated with the assurance of safe structures. The possibilities of earthquake control 
(oi rnoiification) and prediction present different technical methods that may lead to 
mitigation. Conmnmity actions during and following the event may significantly affect 
ttie oonBeqpieiieee of the quake* Oondemation and vedevelopnent attitutdes, insurance pro- 
grans, and aoonanic assistance nay narkedly affect the connunltiea' vulnerability to 
future events. With a view to filling important gaps in our understanding of earthquakes 
as they impact man and his social environn^ent, research in the social and bdiavloral soi- 
ences, and in economics, will be undertaken to: 

A. Develop policy alternatives for the community to provide emergency 
rescue, recovery, and redevelopment services. 

B. Develop policy alcernatives for the dissermination o£ earthquake 
warnings. 

C. Assess the consequences of technical developments and policy alterna- 
tives on the achievement of disaster nitlgatlon. 



SPECIFIC BSSEAROi PROGaAHS 

The National Science Foundation has supported a wide spectrum of research on earthquake 
hazard reduction. Rather than detail the specific character of these projects. Appendix 
A presents the titles, performer * and institution for each project initiated in the past 
three years. 

TWO recent projects warrant speeifie highlighting. 

These have as their objective the development of improved earthquake design criteria. 
Standards, and codes. The first o£ theaa projects is a test o£ the practical design feas- 
ibility of new code procedures and assusptions, plus an evaluation of the eoononic oonse- 
qoences of sudi a "new code." 

The project has four chief objectives t 

Draft a set of design rules based on a "dMxgn apectrisii" type of eodai 

Apply these rules to the redesign of several types of existing buildings 
in order to evaluate their applicability by example i 

Make a prelininari' assessment, as part of a literature survey, of methods 
by which such a code could include conaideration of variations in regional 
seismlcity, proximity of known active faults, and soil amplification and 
topographic effects of local site oonditlons; and. 

Hake a preliminari' evaluation of the econonic and perfomanoB effects 
of such proposed changes on the exainple buildings. 
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The work abatement of this project divides the accomplishment of the above objectives 
into two separate phases. Phase I covers the establishT.en t of the design mlM and the 
effect-evaluation procedures. The application of the rules, the literature survey, and 
the actual evaluation of aooaonio and perfomanee effects will be acMeved in Phase ii. 
Foirtunataly, some of the existing buildings to be studied have been siibj°ci-f«ci t: ;■ laT 
studies ae a result of the 1971 San Fernando earthquake. These special studies will prove 
useful in the Shasa ii avaluation of the Phase I design rules. 

In this study, the lateral foroa resistance systems of eleven ezistin? buildln9s (see 
Tidtle 1) of varying structural types and heights are to be redepi^nrd for the effects of 
a doal-eartfiqualce criterion: Specifically, a damaged threshold spec;tr.in, a;.d •s. cciiapse 
threshold sj ectium. Current applicablp pcrtions of the 1973 Uniform Building Code and 
the SEAuc Code are to be employed, with the exception that earthquake loading and related 
defomations are to be coiuputed by the use of tite dual speetxa. Oaaping and duotility 
values have been assigned lAiich are considered to be within certain assumed capabilities 
of eadi type of structure being studied. Each of the eleven buildings contains a valid 
lateral force resisting system wi tin n the .-'-factor categories of the current SEACX; Code, 
Each is reasonably regular in plan and elevation, therefore, the problems of torsional 
racking, setback response, and soft-story effects will not be significant in the analyses 
of these particular buildings. (These problems are recognised as loportant, however.) 
the pKOjeert is nearing canplation. 

The second project builds upon the first. It is just beginning and will not be ooia- 
pleted until late 1975. The obiectlve, simply stated^ is to develop a new sot of provi- 
sions for the SBAOC Lateral Force Bequiresients. The currant criteria are based on the 
terfmoloqy of the 1950 *s with minor testing In subsequent revisions, fliia study entails 
carrying out a rj'-jriipr-^hor.T-! ve program of updating and revising Lho preS'ji.t .'EACC seismic 
requirements so that it will be apidicablG tiirougliout the United States basi^d upon the 
latest state-of-th'j-ar t of earthquake engineering and construction practices. The format 
of the seismic provisions will be .augmented to include provisions for other natural mete- 
orologically caueed phenomena such as hurricanes, tomadoas, and wind storms. The format 
will follow existing building codes so that it can be codified, adopted, and promulgated 
by various groups writing and implementing code provisions. The new seismic proviEions 
wili be conprehensive and written with a national perspective. Provisions concerning the 
code will include all aspects of building and applicable geotechnical practices for miti- 
gatlm of losses from earthquakes and earthquake related geologic hazards. Ihe specifica- 
tions will be based on goals and objectives developed from a performance exitexia to be 
clearly set forth in the provisions so that appropriate regulatory bodies can recognize 
the level of risk associated with the various code provisions. It will bo a balanced 
statement with proper consideration of low-rise (one to three stories) , intermediate-rise 
(four to six stories) , and higb»risa (over six stories) as well as other nonbuilding type 
structures. Provisions for nonengineered buildings and engineered buildings will be in- 
cluded, recognition will be given for different construction practices and different use 

of matei ialr throu-rhcut the United Jtatos. t]-.c proviaioriLi will b'j ot>st-'5d in simple tenns 
to the tuiifcst extent possible coniiiiituiit With Llit: yuaiji oi the code, tiie state-of-the-art 
and practice to produce these objectives, and the complexities of the earthquake phenome- 
non. The provisions will set forth the loading criteria and performance (resistance) 
criteria with reoonsHnded methods of design and analysis consistent with tha seisniollgr 
of the site, the Isiportanca of the structure, the type of construction, and height of tbB 

structure . 

It will include where feasible, provisions for considering, within the fram^ork of 
earthguake engineering, various facets such as architectural configurations, contract 
docunents, oonstruetion team, quality control, si^arvision and inspection as well as 
structural analysis and design. 

It will be comprehensive in scope and will be developed after consideration of many 
provisions not included ox adequately covered in the present seismic codes. Evaluation 
of the state of the knowledge, art and practice relating to each provision will be used 
to make xeoomaendetions for their inclusion in the code. JImong such elements are the 
following! 
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TABLE 1 



Bttllding 1 

Bui iding 2 

Building 3 

Building 4 
Boilding S 
Building 6 
Building 7 
Building 8 
Building 9 
Building 10 
Building 11 



TO B£ RBteSIGNED IN THB SBXSMXC CGOB EVAWAVXOM STUDY 



Five stories plus basement 

Ductile reinforced concrete frame 

Nineteen storie? plus four levels basement parkincf 
Steel frame, moment resistant in eme diz«ction, 
Braced in the other direction 

Ten stories 

Sesti-duotile ceinforced concrete frame in one direction. 
Shear wall in the other direction 

Fourteen storiea 

Shear walls on both major axes of building 
Six stories 

shear walls are non-load bearing 

IVo stories 

^teel frame witii vertical bracing syiitem 
Two stories 

Concrete block masonry, bearing and shear walls 
Nine stories 

Heinforced concrete^ shear wall 
One story 

Tilt-up, plywood diaphragm, re-entrant corner 

Two-story school 

Moment resistant steel iraxte 

One-story school 

Brlelc masonry, plywood diaphragm 
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1. Goals for structural and non-stxuctUEal dajnage. 

2. PoBt'^urthquaka factors* invortanoe factors, and other socio- 
aconomle eonsidarations. 

3. Various loading and analysis iDethodoiogisa and when they should be 
used: equivalent static force approadh, aXaatic single degree of free- 
dom and Biultldagraaa o£ fraadom nodal supairposition response qpectral 
analysis^ alafltie and laalaatie tin* history response analysis and de- 
tazadnlstle and prob4d»illstle rode and ground notions. 

4. seismi'^i ty , proba)jiiity considoratiori of varlous daslgn aarthqiuAes, 
seismic risk, and seismic zone concepts. 

5. Design earthqaake criteria based on dual performance for the moderate 
design earthquake and the severe design earthquake based on maximum 
credible aartilq^a]ca. 

6* Geologic, topogriehie, soil and other site condition influences on 
ground notion. 

7. Basic realistic levels ot qrojnd mo-ion to represent the desiqn earth- 
quake at a Bxte ot average exposure having no unusual soil conditions. 

8. Influence of soil oonditions on intensity of ground shaking in tarns of 
displaoenent, velocity, and acceleration. 

9. Soil structure interaction, including influence of the structure on the 
ground motion and the influence of ground motion on the structural re- 
sponse. 

10. structural syeten daiqpii>9> ductiliQr «od stabili^ including p^delta 

effects . 

11. Relative performance criteria of structural systems and materials with 
particular attention to brittle Material behavior and alaato-plastic 
response. 

12. Realistic deterministic ultimate design StresseSr load faetors, and re- 
sistance factors for all materials. 

13. Specific criteria to be used for dynamic analysis and design. 

14. Drift linitations consistent with realistic xevonse to atroog earth- 
quakes . 

15. Vertical acceleration criteria. 

16. Shear wall frans interaction provisions. 

17. Hazardous ar.a earthquake dsasged buildings and ttieir rehabilitation 

and reconstruction. 

18. Seisnic design requiramants for mechanical, electrical elevator and 
other building "life-safety" systens. 
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National Academy of sciences, 1969. 

5. Federal Council of science and Technology, Office of Science and Technology, Executive 
Office of the President, Proposal for a Ten-Year National Earthqualte Ra«ar<lg Program, 

D.S« Govt. Printing Office, Washington, O.C., 1966. 

6* Office of Scier:-'- anJ Technology, Executive Offi-'^ of the President, Earthquake Predic- 
tion, a Proposal ror a Ten-Year Program of Researcn , U.S. Govt. Printing office, Wash- 
ington, D.C. , 1964. 



Appendix A which lists NSF earthquake engineering awards in 1972-1974 not included 
herein. The list may be obtained from the author. 
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THE WIND SHGIKBEBIlie PBOGlttM 



by 



M.p. Gaus 
otaAt Bngineftrlng Nachaniea section 
National science Foundation 
Maahington, D.C, 20550 



A aumwry of trind angitiMrlng resaareb work coaduotad by varloos re- 
searchera under ttie aponsoTBlilp of the National Science Foundation ia pre- 
sented. 



Kay Marda: neaearch progxama; aponaorahlp; wind engineering. 



I 

I 
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VUiD ENGINEERING 



Wind an9iiw«rln<r is concerned with the interaction between wind and either engineered 

facilities cr riatuj"al r.yrteno 'a'I":!';:"; aic^ J-vaL J, L: ■ I :iV'--r rir th'» ,a t:riQsi:nf^re or 

rouqhly from groun.i 5ur race to a.; mui.--. .< • " "0 ." •« ' •v"i. r,-- . It i nracisftly i n this 

JjO'^dary iayur w)nji:t t:'.e ^vsT'aq-^ i^iti/-- ; ■ ■_i:ln-,-''- ■ i ' ' :i _ j. , we con!-:truct 

lauat of our facilities, and discharge the gaseouu tittiuent ol our modern technologicrai 
society. Frofo an engineering viewpoint this boundary layer is virgin territory with a 
dearth of utilizabls information for di?sign or ftcl.ition ? ^ ■■o*:ieT«'- Un for tuna tely« little 
assistance is obtained from meteorological studies which l^uc to concentrate on higher ele- 
vations. 

The Hind Engineering Program presently identifies needed research stvidies in sixteen 
categories. Some o£ these are oriented toward generating or collecting the basic inforna-' 
tion required for the development of wind design, analysis, arxi simulatJon methods. Others 

are oriented toward providing tjoncrf.'L i rif n-ci i' M '.-■<- --r^.::.! r.;t>n«'r ^ -i.-.A ror i TprovS- 
toejit qL codes and re'juiatxoas aiid in t^J iti-iing piQcfsdar , Ji.c i. cai-iiiider ate oriented 
toward econonie and people probler ' . > i i are an iTnportant coinponent of engineering prob- 
lens. At the present tine, research is or has been supported which related to about twelve 
of the categories. At the present level of activity, however, the amount of effort in a 
nonber of these categories is rather token. 

Shortly after the Wind Erig i riPHi i ng Program was propc'Sed, a series of ir.t. - ■:- rornadoes 
converged on the city of Lubbock, Texas, causing axtroue danaqe to the city. W:..thin hours 
after the tornado struck a contbined team of engineers and meteorologists was dispatched to 

coilect. v,.<^ri shabJe i r.i,. a f i cn . Tin?, .'oll'_v.,<"i up thro.U'-:!: • ■ .(.■-■:^^ V'xc'ii L'niv-'r- 

EiCy and r.he In-T ::i tut,-, for t:tui':, K'.",!-'--l!. c:i, f.:.i i '."j rsity of St. ';' wiiuu-j i-l^ i i^'^.i.- Lruct from 
this i.'i format j on aetc.il': the dnd pressure di lioi on' i ; loads and nissile effects 

caused by the tornado. Tne resulting information, published m several reports, has pro- 
vided for Uie first tine a factual and reliable base of inforrnaticn regarding the actual 

effects of an intense tornado frnn: ?.-^, r--i j . ; ir-.--r I vi ijv;r-:,-: t '"'i*' --..'idicatS that the 

wind veloci-.veo whLc'.-> mist be .ir..->d .... j j. ■ uio unlv ..loo',;-. ../j ti^ I,/ J oi close which had 
huur, cliiimcd by tou^ L.lt_>q±L t'- .nif?, .-.jr.- ;„_i:],iir. tl-s i :; 'i.i.ic dfCign feasibiii 'or n.iiiy struc- 
tures, ouier tornado studies in ^x^tjzisn^ j.-irciudc an iixperimoin-al proCfTcj-i at Cachoixc Unx- 
versity in which special vortex tunnels are being used to ir.easure pressure distributions, 
forces, and moments on various types of buildings as on intense vortex passes; a study at 
the Los Alamos Scientific Laboratory to develop numerica- analysis of tornado wind loads 
rc'lritcd to viriouG flew var i lY; :; I :■ .• a study at ' -i ^.i-.i - ^- •• i i l i.-.. o.- -. y -^i ■ c. r;-..:iii:;'. s ; arid 
a study at George Washington Um-varsity which .wooku.g ir»to tiia re-LaCionsrut/ bi^tvunn 
different terrain conditions and the wind loadings of ground structures inside intense 
tomadoes. 

A;iot';h-'r '.Jina ;^)rcblor. ■._oi.v_r rr: t.j.- :.-..jLr;..- .1 ^jlaSS, fil', i rri 1..'L-; , 1 ,i .l.i i m j , ._:t: . L.ol.-iti;":; 
conponeriT.c due co >'irid. TV:r: y-..iily ;; *:v..-<: ■ '■■ pfff";!.-:: i • d;-:r.'.:rr:ad and s-otj- 

stantial, o.it is i-i:'rl"ia^:a K-'y:-t. (b: x^-.^^ii.::,} i i.y.: :j :■/ t,io ; /..t : i ■.: i ^od ci i .- f i r: u ; ties 

Of the new John Hancock Hutuai Life Insurance Coopany Bu:<.lding in Boston, Massachusetts. 
Although wind tunnel studies were made in the design stage for this building, they clearly 
were net adequate. I nstr -axiertaty-r. 'r . -. : installed in the J::;iri i\-incock Buildir-q by a 
group fro,-.: mit under an nsr -.ir-anc . v.. -• ■■■■■-■.'■/ financial partici. > by the Hancic:-; in- 
surance C'o:r(.;L<:iy , Ll L.^ik-j ai_tv;i_ - .' ■ . ' ' - . i ..tifoxtunata situativ . i. ■■(■■.. l i i.^ir v. -_•]•: -ritj 

with ot^ter anaxyticai and exptir-uunviiil stadies will probably be ijijictumentai yii revising 
the building regulation^ in Boston and other cities. 

Clear ' Y, wind tunnel testing is required to gain a better understanding of boundary 

layer .aerodynanics and r.-jr ; ■ dictinc ■.■ .■ i.;!^.- _ ...iis before dr. r^i: !. i: uc^. c;i ':,j-.!:'M. iJ^ace. A 
coinprehens we progran is be?::.- conduct, u . i. ... ,.■ i ., i .i .lo State Un J v._ :- :-i ty ..; _ l ' ; i rnj yeci ..i: 
long-fetch ad;;.u3tabie ron^ v/i .id tunnels for simulating ria;i.!:..i. ., i nd^ . Probie: lO '-lo l:^ f^x - 
amined include local flow phenomena, local wind pressures and heat transfer rates on build- 
ing surfaces, dynamic excitation by buffeting, wind speed and gustiness at the pedestrian 
level and circulation of air : 1 : u tai . t:-. . ,• ti.ry.r-.-; -r.c c.it' facilities are currently the 
beet avaiiai>ie in the L'.:-;., th^ira are stil^ ur.rub .Ivi.-i .juuations regarding the scale ar.d 
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distribution of turbulence, simulation of gustiness, and the validity of the extreme scal- 
ing from present wind tunnel sizes to full-scale structures. The latter problem can only 
b« x«8olved by conparinQ wind tunnel tasta to £ull-scala observations. Ibe first profalaai 
is baing studlad at Notra Dana Onivarsity uliara a faaaibillQr study is baing caxriad out 
for a large multipurixjse boundary layer wind tunnal using an active rather tiun passive 
turbulence generation process. 

Also of great concern are the environmental wind conditions around buildings. Through 
grants to Illineis Institute of Tedinolegy and Catholic University » studies are In pxogresa 
on the microclimate of buildings and urban areas. These studies directly relate to pedes- 
trian comfort, concentration of pollutants between buildings or in depressed roadways, and 
to buffeting and tnissile problens. 

Space does not prenit descriptions of other studies in progress on windwave effects, 
developtnent of new wind instrumentation for field observation, notion peroeption and tol- 
eranoe, etc. 

studies just started or scheduled for future action include the instruioentation of 
full-scale buildings, cooling towers, and Other structures to obtain actual neasurements 
of wind effects. These full-scale measurements will be coiipared to very thorough wind 
tunnel studies nodallng tits structures and terrain. Oonparisons will be nade to determine 
the accuracy of wind tunnel determinations of wind characteristics, wind loadings, dynamic 
response, interaction between wind and energy consumption in buildings, performance of 
cooling towers, effect of wakes, and environmental effects* At the same time, computer 
software for wind engineering analysis is under further developnant so that both the tools 
and sx^porting data can be made available to practicing engineers. 

Also being started are studies of storm-surge and coastal effects in hurricanes and 
other strong «d.nd etoxias. 

Both Industry and state and local govensnents are baing enoouragcd to participate in 
the funding of tfind Engineering research programs. Sidistsntlal progress has been made in 

this respect. 

In order to coordinate wind research activity and to disseminate information as rapid- 
ly as possible, two actions have been taken, ttia first is the provision of funding for 
a Wind Engineering Research Council which will serve as a focal point to coordinate uni- 
versity-lndustry-govemment wind research, to organize workshops in specific research 

areas, and to serve as a contact point for inforri .tier; on wind engineering problems. The 
second is the provision of funding to prepare a wind engineering research digest which 
will provide up-to-date information on wind research in progress. 

The dlsorlption of the various grants allocated during July 1973 to June 191h 
are not Included herein, but mjr be obtained from the author* 
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PREHMINAKSf REPORT ON PRESENT STATUS AND DEVEU)PMENT PROJECT 
or VOICMtOLOGXCMi OBSBKVATXOII MID KBSBUOi XH IttCOMBSIA 



by 



Akira Suwa 

HMdr Seisroological and Volcanologi 1 i.?.b oratory 
Meteorological Research institute 
Japan Mataeroleglcai Agency 
Tokyo, Japan 



Indonesia has about 130 active volcanoes and their eruptions are charac- 
terised by dangerous violent explosions, nuee ardente, and volcanic anid-flows. 
The Geological Survey of Znaoneeia (QSI), Ministry of Min««r therefore, 
been carrying out ohMrvations and auzveillances of volcanic activities through- 
cnit the country. 

The Guv'jr.-iraant of Japan, in response to a reqiaest from the Government of 
Indoneaia, has decided to give asaiatanee in this field of acience in the frane- 
work of the Ooloofbo Plan.* The Owrseaa Technical Cooperation Agency (OKA)* 
the executing agency for the Government of Japan, has, therefore, dispatched a 
preliminary survey nission, headed by the author of this report, Akira suwa, of 
the Japan Meteorological Agency to Indonesia in 1972. 

The mission st^ed In Java and Bali fron Noveniser 22 to DeoeiAier 23, 1972, 

and visited the Ministry cf Mines at Diakarta, the GST at Bandunq, and tji j-l-t 
active volcanoes (eleven observatories) '-r. order to study the- possible =copc ot 
cooperation in Vol-anologY between Japan and Indonesia. 'The nission recaani^od 
two serious problens in Indonesiat deficiency of ei^exts in volcanology, and 
shortage of vqp-to-date volcaoologieal instrunsnts. 

Therefore, the roconusendation by the preliminary survey sdssion to both 
goveranents was as follows i 

1. Dispatch for several years the following Japanese ejqperts to Indtmesiar 

a. Instrumental ssi sinologist 

b. Volcano physicist 

c. Volcanological geologist/petrologist 

2. Train junior volcanologists of the GSi in Japan. 

3. Provide Indonesia witit the follCMing instrunentsi 

a. Seismographs for penn^ulent and temporary observations 

b. Instruments for pettological and mineraloglcal laboratory 



Key Words I Field observation} indonesiai Japan » technical aid; volcanos. 



*Coloinbo Plan for Technical Cooperation in South and Southeast Asia 
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OBJECTIVE or THE JAPANESE FRELXMimRy SURVEY MISSION ON 
VOLCaMOLOGY TO IMOONBSIA UNDBR THE COIiONBO FLAN 

lha Covernmnt of th« Bepublle of indcmesla requested the Govemnent of Japan to pxo- 

vide technical assistanco in order to develop a program on volcanoloaical works for the 
Geological Survey of Indonesia (GSI). (GSI) also asked that a detachnent be sent on a 
preliminary surwy mission, which was headed by AXira Suwa, writer Of this report. 'Aa 
Ovarsaaa Tacfanical Oopparation Agency (OTCA) , Uhlch ie an executing agency of the Govexn- 
nant of Japan^ aant tba prellnlnary aorvqr mlsaion on veleanology to Indonesia under the 
OoIoniJO Plan in Hovanber, 1972. 

lha aain objeotivas of the aissioo Mara as follows! 

1. To investigate tfaa status of Indonesian active volcanoes, the type of vol- 
canologlcal obearvations, and speak with the officer of CSI. 

2. To discuss the problens of such oooperation with the Indonesian authorities. 



MEMBERS or THE PRELlMXIttRir SUIWBy HISStON 

(Oiia f ) Mr . Wc j 1 s s u w a 

Head, Selsiooio^icdl and Volcano logical Laboratory 
Meteorological Research Institute (MRI) 
Japan Metoorologioal Agency (JMA) 

(NSatoar) Mr. Masaakl Seino 

Seismologistf Seismological Division 
Observation Oapartoiant, jma 

(Nedber) nr. Yoshihiro sawada 

Volcanologlst, Seismological Dlvlaion 
Observation Departraent, JMA 

ITINBBAIIY Of THE HISSIOH (MOtfBNBSlt 22 " OBCBMBSR 23, 1972) 

lha pKaliainaxy sorvqr siisslon« Which stayed in Indonesia for sbout one month, visited 
the following officeSf fldMervatories, and active volcanoes i 

Hinistxy of Mines at Djakarta 

Geological Survey of Indonesia at Bandung 

Volcano Tangkuban Prahu and Tangkuban Frahu Volcano Observatory 
Volcano P^pandajan 

Volcano Diang and Xarang Tangah Volcano Observatory 
Marspi Central Observatory at Jogjakarta 

volcano Neriipi (Central Java} and Babadan Volcano Observatory, Ngqpos Volcano 
Cbsarvatory, Selo Volcano Observatory, and jrakah Volcano Observatory 

volcano Xalud (Crater Lake) and Naragomialyo volcano cfcsarvatory 

volcano SasMru and Argosko Volcano Observatory and Vudakeling Volcano Observatory 

Voloano Batur 
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Volcano Xtakatau seen fxon the west coast of Java Island 

Embassy of Japan at Djakarta 
Djakarta Office of the OTCA 
Tbe Itinerary of tiie nission is as follows: 

Kovei^r 22 (Wednesday) ToJcyo-Hoogkong-Singapore-Djakarta. 

23 (Thursday) Djakarta-Bandung. Visit the CSI. 

24 (Friday) Visit the Oeological Survey of Indonesia. 

25 (Saturday) Ditto. 

26 (Sunday) Visit Volcano Tangkuban Prabu and its Observatory. 

27 (Hoodagf) Visit Volcano ^apandajan. 

28 (Tuesday) Bandung-Joglcakarta. 

29 (Wednesday) Visit Hsrapi Central Observatory at Jogjakarta. 

30 (Thursday) Visit Volcans Dieng and Karang Tehcjdh observatory. 
Oecenber 1 (Friday) Visit Herapi Central Observatory at Jogjakarta. 

2 (Saturday) Visit Volcano Marapi. Babadan and Mgepes Observatories 

3 (Sunday) visit volcano Marapi. selo and Jrakah Cbservatorles 

4 (Monday) Jogjakarta-Maragonulyo. 

5 (Tuesday) Visit Volcano Kelud and NoragosNllyo Observatory. 

6 (Wednesday) Maragomulyo-Malang. 

7 cniursday) Malang-Voloano Senera and Argosko Observatory - OjeniMr. 
B (Friday) Ojeniber - the Straits of Ball - Oenpaaar. 

9 (Saturday) Visit Volcano Agung. Sendang and Budakellng Observatories. 

10 (Sunday) visit Volcano Batur. 

11 (Monday) Denpasar- JiigjaXarta. 

12 (Tuesday) Jogjakarta-Bandung. 

13 (Wednesday) visit the Geological survey of Indonesia. 

14 (Thursday) Ditto. 

15 (Friday) Ditto. 

16 (Saturday) Ditto. 

17 (Sunday) Banduny-Djikir ta. 

16 (Monday) Visit the Bnbassy of Japan and OTCA Office at Djakarta. 
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December 19 (Tuesday) Write the tentative report o£ the mission. 

20 CWaaoBsd^) Visit the mwBBy of Japan and OTClk Office at Djakarta. 

21 (Thiindar) Visit tha Minlatry of Mims at Djakarta. 

22 (Friday) visit the waat ooaat of Java Island to see Volcano 

Krakatau, 

23 {Saturday) Djakarta-Singapore-Htniglning-Takyo. 

VOU3U4IC ACXIVIIIES IN INDONESIA 

Tho Tr.donRKian archipelago has about 13C active- volcaiuics, i.-icludinq solfatara fields 
(cd. of the total o£ those in tiie world), as is shown ia Figure 1 and Table 1. Thejse 

volcanoes have picvidiad the people with various kinds of natural resources arid lieautiful 
BcsMry. In general, Indonesia volcanic areas are high in altitude and axe densely pop- 
ttlatsd, baoansa the ardiipelago is located in tiia torrid aone and the air taaporature at 
the seaside areas is very hi^ all the year sound. 

Consequently, eruptions of these volcanoes can cause serious loss of huiran life and 
property. To make the matters worse, eruptions of the Indonesian volcanoes are charac- 
terized by extremely dangerous phenomena, such as catastrophic eiqiloeion, nuee ardents 
(flowing avalanche), and volcanic mud-flow (the so-called "lahar" in Indonesian language) . 
M an exaaple, twelve of twenty noat diaaatrous eruptions* on the earth have taken place 
in this country, as shown in Table 2. Leihaur is divided into two Ci^tecxorles : "eruption 
lahar" and "rainfall lahar". Both types occur frequently at the various volcanoes in In- 
donesia. 



niB OBSERVATION AND SUK'.^TLLANCE OF VOLCAr"C ACTlVIttES 
BY TOE GEriI/x;TCAL SORVFV OF INDONESIA 

Before the World War II, the Dutch Government tried to conduct volcanological obser- 
vations and research and thus nitigate voloanie disasters in this terrltoxy. since tiialr 

declaration of independence in 1945, the Governnient of Indonesia has been making similu 
efforts to develop volcanic research capabilities. The Geological Survey of Indonesia, 
which belongs to the Ministry of Mines, ia in charge of the ebaervation and sorvaillanoe 

of volcanic activities all ever the country. 

Ihe Volcanological Division o£ the (GSI) at Bandung, which lias sixty neiriMrs, oon* 
slsts of two seetiona, and has two teans concerned with special reaeardi projects, aa 

shown in Figure 2. The Volcanological Division also a branch station "Herapl Central 

Observatory" (the center for volcanological observatiori and research of Mt. Herapi) at 
Jogjakarta and 2S volcani.i observatories at sixteen active volcanoes on nine islands, 
(see Table 3.) These observatories are Banned by a total of sixty menbers. 

Mr. D. Hadikusumo, Head of the Volcanological Division, and Mr. I. Surjo, scientist 
in charge of the Project for Volcanic Debris Control, caBie to Japan in 1957 for one year 
to stud'/ vo 1 canolocf\' under rrof. T. Minakaxi of Tokyo University, and t:;e author of this 
report, at the Japan Heteoroioglcai Agency. Many of th« uthar leading meiMQers of the 
Voloanologieal Division also studied volcanology in Japan during recent years. However, 
maiqf aiaabers working in the volcano obaervatories have little schooling although tbay are 
diligent and faithful workers. 

The Volcanological Observation Section not only manages all the volcano observatories, 
but also conducts temporary observation at various volcanoes (periodical and urgent obser- 
vations) . The Volcanological Research Section is also conducting researt^ on the nitiga- 
tien of voleanie disasters r and at prssent the eecticm is primarily engaged in tlie soning 
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o£ tha dangerous ar«a ot each volcano, according to three grades of eruption, which are: 
(••e Figure 6 a, b, c, d.) 

!• Pemanently off- Limit Zones: Dangerous even in case o£ minor eruptions, 

everyone should be outside sane. 

2. First Dangerous Sonet Dangerous in ease of big eruptions. 

3. Second Dangerous Zone: Apt to be attacked by volcanic mud-flows. 

ht present, th«re ace many inhabitants oven in th« Pecmonantly 0££-Li mit Zon«s, at 
such active volcanoes as Maraypi, Kelud, seneru, Agung, etc. It is actually very difficult 
fox the authorities to evacuate this zone in the near future. 

For instance. Volcano Merapi has about 30,000 inhabitants in the Permanently Off-Linit 
Zone and a total of 200,000 inhabitants within the three dangerous zones. 

Wami_ng8 issued by volcano observatories are sent to the inhabitants through the local 
govenments. ttamings and information on the actual state of Volcano Herapl are usually 

issued by the Merapi Central Observatory. Additional information is also obtained by ob- 
servatories. However, in case there is an occurrence of an extremely dangerous phenomena, 
such as nuee ardente and volcanic amd-flow, each observatory warns the public directly by 
using an alam-bell or siren. Warnings regarding the occurrence of the so-called rainfall 
lahar are issued depending on the aunount of precipitation (usually over 60 on/hour) . 

At Volcano Kelud, the famous Lotuiii;, juaiJu i:i 1928 by t,j.»j Cutcl. GuvcrniiMint as a pre- 
ventive measure against overflow of the crater-lake water were devastated by mud-flows in 
1951 and 1966. They were rehabilitated by the Ministry of Piislic Works of the Indonesian 
Government during 1966-68. The Ministry of Public Words has also constractsd dasis to 
prevent a mud-flow disaster at some volcanoes, including Mt. Kelud. The Project Team for 
Volcanic Debris Control of the (GSI) is coc^rating closely with the Ministry of Public 
Nbrks in the above-Bsntionad works. 

FXMDZNGS JWD GOMCUJSZOtlS 

All the members of the Preliminary Survey Mission were deeply impressed with the per- 
sistent efforts of the Government of Indonaaia to pravant varioua kinds of volcanic disas- 
ters. They also admire the adequate and rational orgainsation of voleanological %rark at 
the Geological Survey of Indonesia. 

However, tiie Prelinlnary Survey Hlssion reoognises the following serious problems: 

1) Deficiency of estperts in voleanology 

The (GSI) has many voleanological observers throughout the country and 

has nany junior vcl'-arioloqi-iti; , 'lowovc-r, there are very few senior volcan- 
ologists. Indonesia nas a tew weii-traxned specialists in the following 
fields: 

(a) E)q;>erts in instnsnsntation on seissographs. 

{b) Experts in analyses of the results of voleanological observations. 

(c) Experts in petrology with special refarance to lahax (volcanic 
mod-flow) . 

2) Shortage of up-to-date voleanological instruments. 

In order to elucidate the aaechanism of underground volcanic accivitias, various kinds 
of instrumental observations Should be perfumed. However, at present, even the 
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seismological observation, which is indispensable in the survtiillance of volcanic activi- 
ties, there are only a few in operation at several active volcanoes. These seismographs 
are mostly ir.asaics of parts produced by various companies in various countries in different 
years. Therefore, it ia iie{>ossit>J.e not only to detemioe the paxaaeters or characters of 
voloinlc oaxthquakss, but also to detect noet of the ninor shocks. 

Due to tile above-oientloned findings, the PrellDiinary Survey Mission concludes that 
the following cooperation between Japan and Indonesia should be carried out as folloMSi 

1) Oi^atob the following three Japanese eag^rts to Indonesia for several years i 

a. Instrunantal seismologist 

b. Volcano physicist - specialist in analyses o£ the results of volcanological 

observation. 

o. volcanological petrologist ^cialist in petrology with special reference 

to noee ardante and lahar. 

3) Conduct training of these junior volcanologists of the (G5I) at the International 
Institute of Seisaology and Earthquake Engineering (USEE) in Tokyo. 

3) Donate the following volcanological instruments to indooesiat 

a. Seisaographs for peznanent end teaiporexy observations. 

As tiM situation in volcano observatories of the (GSI) is leCking In oon^ 

nercial electric supply, nechanical recording seismographs are reoomended. 

The seismographs should be provided with spare parts. 

b. Instruments for petrological laboratory. 

All of title members of the Preliminary survey Mission will aiafce every effort to realise 
tiie above-mentioned cooperation between aagpan and indonaala In the naaz future. Item 2 
is presently in progress. 
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Tabic 1. List of the Active Voltanotis oJ' Indonesia including 
Solfatara Fields (After the Geoloslc«l Survey of 
Indonesia ) 



Na 


Name of Volcano 


Alti- 
t iiH f hi) 


Class 


No. 


Name of Volcano 


Alti- 
vuM V jm 


Class 


1 


PULU WEH 


58't 




3'i 


PERDAKTI 


1699 




2 


SILAWAIH M AM 


1726 




35 


SAI.AK 


221 


0 


3 


PEUETSAUl>E 


2780 


• 


36 


OEDEH 


2958 


• 




BUR NI GEUREUDONG 


2390 




37 


PATUHA 


24 3 


0 


5 


BUR NI TBLONG 


2624 


e 


38 


WAJANG WINDU 


21&1 


0 


6 


GAJOL£STBN 


1500 


+ 


39 


lANGKUBAN PRAHU 


2084 


e 


-T 

/ 


SIBAJAK 


2212 


0 


\o 


PAPAItOAJAH 


2665 


e 


8 


SZNADUNG 


2460 


0 


■'n 


KAWAH MANUK 


1950 


+ 


9 


PUSUK BUKIT 


1981 


0 




KAWAH KAMODJANG 


l6ii0- 


+ 




H E ! A TO B A - T . VRUTUIIG 


1 1 00 






ai.NTl'R 


22'J9 


• 


11 


DUAL nUALI 


1819 






GALUNGGUNG 


2168 


• 


12 


SORIKMARAPI 


2l''f5 






TRI AG A noOAS 


2201 


0 


1 j 


1 AL/\KMAU 


2912 


0 


'lb 


KAWAri KARAHA 


1 125- 
1 lyy 


4- 


I'l 


MERAPI 


289 1 


• 


'♦7 


TJBRIMAI 


3078 


e 


15 


TANDIKAT 


2438 


e 


'♦8 


SLAMET 


3432 


e 


l6 


TALANG 


2896 


e 


't9 


Bi TAK PETARANOAN 


2222 


e 


17 


KBRINTJI 


3600 


• 


30 


UI^NG 


2565 


e 


18 


SUMBING 


2908 


0 


5 1 


SUNDORO 


3151 


• 


19 


KU.NJIT 


2151 


0 


52 


.SU>tnTNG 


3371 


0 


20 


BLERANG BERITI 


1938 


0 


5 3 


INGARAN 


2050 


0 


21 


BLTKIT DAUN 


2'i67 


0 


5'i 


MKHBAHU 


3 l'i5 


0 


o o 


KABA 


1952 


• 


55 


MERAPI 


2911 


• 


23 


OEWO 


3173 


e 


5 b 


LAW 


3265 


0 


2'* 


BUKIT LUMUT BALAI 


2055 




57 


WILIS 


2563 




25 


MARGA BAJUR 


1000 




58 


KELUD 


1731 




26 


SEKINTJAU BELIRANG 


1719 


0 


59 


ARDJUNO-IIBLIRANG 


3339 




27 


BEMATANG BATA 


loou 




60 


SEMBRU 


3676 




28 


HULURELU 


10 40 




61 


BROMO 


2329 




29 


RADJADASA 


1281 


0 


62 


LAMONGAX 


1669 




30 


KRAXATAU 


813 


• 


b3 


IJANG-ARGAPURA 


3088 




31 


PULOSARI 






G'i 


RAUNG 


3332 




32 


KARANG 


1.778 


0 


65 


KAVTAH IDJEN 


2386 




33 


KIARABBRBS GAGAK 


1511 


+ 


66 


BATUR 


1717 





Classification of Activ*^ Voltanofs: 



• Volcanoes with recorded eruptions ( 16OO A. D. -present) 
0 Voleanoee in fumarollc stage, no eruptions known 

(1600 A.O* -present) 

I- Solfatara or fuswrole fields 
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No. 


Name of Volcano 


Alti- 
tude w 


Class 


No. 


Name of Volcano 


Alti- 
tude tn) 


Class 


62 


AGUNG 


31 '12 


• 


22 


NILA 


781 






RIND JAM 


3726 


• 


100 


SERUA 


6/ji 




69 


TAMBORA 


2851 


• 


101 


MANl.K 


282 




70 


SANGEANG API 


19'i9 


• 


102 


11 AND A API 


658 


• 


Zl 


WAX SANO 


903 




103 


UNA UNA 


508 


• 


72 


POT J OK LEOK 


1675 




fo/, 


AMDANG 


1795 




Z3 


INERT 


22/45 


0 


10"> 


SO PUT AN 


178/» 




7^1 






• 


1 1 JO 




1 ^ Q 




Z5 


AMBUROMBU 


212/1 


• 


107 


BATU KOLOK 


890 






\ CT 5 1 i>il21 39 1 


371 


a 


108 


TEMPANG 


900 




Z6 


IJA 


637 


• 


109 


TAMPUSU 


1180 




Z2 


SUKARIA 


1500 




1 10 


LAHENDONG 


7^?B8 




Z8 


NDETU NAPU 


750 




111 


SARANGSONG 


760- 

770 




72 


KELI MUTU 


1(?'lQ 


• 


112 


LOKON-EMPUNG 


1580 




PALUWEH 


875 


« 


113 


MAHAWU 


1331 




ai 


EGON 


1703 


0 


\\h 


KLABAT 


1995 




a2 


ILI MUDA 


1 100 


0 


115 


TONGKOKO 


ll/»9 






LEWOTOBI LAKILAKI 


t58'i 


• 


116 


RUANG 


71't 






LEWOTOBl PERAMPUAN 


1703 




117 


API SIAU 


1748 






LEROBOLENG 


1117 


• 


1lfi 


BANUA WHL' 


12 






RIANG KOTANG 


200 




119 


AWU 


1320 




87 


ILI BOLENG 


1659 


• 


1 20 


SUBMARINE VOLCANO 






aa 


LEWOTOLD 


1319 


• 


121 


DUKON 


1087 




89 


ILI LABALEKAN 


l'«86 


0 


122 


MALUPANG WARIRANG 


1115 




90 


ILI WERUNG 


1018 


• 


123 


IBU 


13^10 






BATU TARA 


7/«8 


• 


12^1 


GAMKONORA 


1635 




92 


SIRUNG 


862 


• 


125 


TODOKO 


979 






YERSEY 




0 


126 


PEAK OF TERN ATE 


1715 






EMPEROR OF CHINA 


-2850 


• 




^82"Jf 'N, 127*£i'E) 


690 




25 


NIEUWERKERK 


-2285 


0 


122 


MARIAN 


1357 




26 


GUNUNK API 


282 


• 




UMSINI 


2665 




22 


DAMAR 


868 


• 










28 


TEON 


655 


• 
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Table 2. 80 Most Diaaatroua Eruptions in the World 

from the Viev-Point of the Number of Victims 



VOLCANO (Location) 


Year 


Round Num- 
ber of 
Victims 


Remarks 


(1) 


TA>BORA 

(Indoneala) 


l8l5 


92,000 


Including starvation (82,000). 


(2) 


KRAKATAU 

( Indonesia) 


l888 


36,000 

f www 


Mostly by eruption- tsunami* 


(3) 


PELE£ 

(Martinique ) 


1902 


28,000 


Nuee ardente attacked 
a city. 


(*) 


VESUVIO 
(Italy) 


1631 


18,000 


Violent explosion It lava-flowa 


(5> 


ETNA 

(Italy) 


1169 


15 » 000 


Lava-flows destroyed cities. 


(6) 


UNZKN-OAKE 
(Japan) 


1792 


15 ,000 


Mostly by ^ruplxon- tdunainx* 


(7) 


KELI-D 

( Indonesia) 


1586 


10,000 


Mostly by mud- flows (lahar) 




ETNA 
(Italy) 


1669 


10,000 


Lava-liows deatroyod cities. 


(9) 


LAKI 

( Iceland ) 


1783 


10,000 


Lava- flows. Includinf 

s tarva tion. 


tio) 


>eRAPI (Java, 
Indonesia) 


1006 


Several 
thouaanda 


Mostly by pyroclastic 
materials. 


til) 


KELUD 

( Indonesia) 


1919 


5,000 


Mostly by mud- flows (lahar). 


(12) 


GALUNGGUNG' 
( Indonesia ) 


1822 


4,000 


Mostly by mud-flows (lahar). 


(13) 


AWU 

1 Iii'lonosia) 


1711 


3,200 


Mostly by mud- flows (lahar). 




LAMINGTON 
( Papua ) 


1951 


3,000 


Mostly by nuee ardente. 


(15) 


MERAPI (Java, 
Indonesia) 


1672 


3,000 


Mostly by nuee ardente. 


dQ 


PAPANDAJAN 
(Indonesia) 




1 AAA 


DjT P'jTrw GXala^i 6 BIB wWrXCIXB * 


(17) 


AVU 

( Indonesia ) 


1856 


2,800 


Mostly by mud-flows (lahar). 


aa) 


AGUNG 

(Indonesia) 


1963 


2,000 


Nuee ardente k mud- flows 
(lahar) . 


(19) 


SOU FRIERS 

(St. Vincent Is.) 


1902 


1,600 


Nu^e ardente & mud-flows 

( lahar ) . 




AWU 

(Indonesia) 


1892 


1,500 


Mud- flows (lahar) & nuee 
ardente. 
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Table 3> Liat of Volcano Obaervatories In Indttneala 







Volcano observatory 


Island 


(No.) Volcano 


Nane of Obs. 
(tAcal nam) 


Di s t aiice 
from the 
crater 
(Km) 


Seismograph 
(eoniponent) 


Conner- 

cial 

(■ I 0 c trie 
supply 


Sunatra 


U.V Marapi 


Kotabaru 


k 


Heehanieal (H) 


No 


aw Taiang 


Batu 

her janr janjr 


9 


Mechanical (H) 


No 




iansKUban 
Pranu 


Tanekuban 
Pranu 


0. 1 


Electro- 
HMgnetxc (32) 


Mo 






Babadan 




• " (H,Z) 


No 






Ngepos 


lOo 


No 


No 






Plawangan 


5 


^^iL ^^^^^ 

magnetic (H,2) 






$5) Merapi 






Mechanical (2H> 








Deles 


5 


*Blectro- 
BMgnetie (H,Z) 


No 






Selo 


5 


* " (H.a) 


No 






Jrakah 




No 


No 




OUf mens 


Karang 
Tengah 


1 


Mechanical (2H} 

Electro- 
magnet! c (Z) 


No 






t * tj» jt V VII 1^4 J* ^9 


6 


Mr> r h All i c A 1 ^ H ^ 


No 






c? IV u 


Q 


I'le c It oil 1 c cl X \ *l / 


ilO 




60) Semeru 


(i _ ^ A Wl 1 ?^ 
m C4 T 




No 


No 






T Ji wA n B n cm 




Nn 


» 

Nn 




<SSl Lanongan 


G. Meia 




No 


Ho 




1'^' Kawah 
Id jen 


Paltuding 


3 


No 


No 






Rendang 


12.? 


Mechanical (2H) 


No 


Bali 


67) Agung 


Sttdakellng 


12 


Mechanical (2H) 


No 






Ba tulompeh 


1^.5 


No 


No 


0 9115 e ans 


vuf oavgeang 
Api 


Tawali 


9.25 


No 


No 


F 1 0 r f s 


Ija 


Ende 


5 


Mechanical (2H) 


No 


Daziaa 


uuail ijunaa 
Api 


Colonbo 


2.5 


Mechanical (Z) 


No 


Sulawesi 


CII3) Mohawu 


Toroohon 


3 


Mechanical C2H) 


No 


Sangir 


C119) Awu 


Bawendego 


7 


Mechanical. (2H) 


No 


Makian 


a27) Makian 


Ngofakiaha 


3.5 


Electro* 
magnetic (H) 


No 



• Temporary observation. The numbers of the volcanoes in 
this table are referred to those used in Fig. 1 & Table 1. 
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MERAPI CENTRAL OBS, 
& 25 OBSERVATORIES 
AT 16 VOLCANOES 



PROJECTS : ! 

1. GEOTHERMALj 

SURVEY I 
I 

2. VOLCANIC ! 
DEBRIS ; 
CONTROL ! 



Fig. 2 ORGANIZATION CHART OF THE GEOLOGICAL 
SURVEY OF INDONESIA WITH SPECIAL 
REFERENCE TO THE VOLCANOLOGICAL DIVISION. 




Fig. 3 Geological Survey of Indonesia at Banc'ung, 
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Fig.^. Members of the Volcanologi cal Observation Section, 
Volcanologi cal Division, Geological Survey of 
Indonesia. T»ie left end: Mr. D. Hadikusumo , Head 
of the Division. The center in the front row: 
A. SUVA, Chief of the Preliminary Survey Mission. 
Author of this Report. 




Fig. 5. Badak Dam, about 10 Km SW of the summit crater-lake 
of Volcano Merapi . This dam was constructed in 1959 
in order to divert mud-flow along the Badak river 
for the purpose of protecting Dlitar City, about 
23 Km SW of the summit crater-lake, from the future 
mud- f 1 ows . 
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Fi<?. 6 - 




Fig. 6 - b 

Fig. 6 Maps showing 3 kinds of dangerous zones at representa- 
tive active volcanoes in Indonesia. The original maps 
were made by the Geological Survey of Indonesia, but 
they are reduced & simplified here. 

a Volcano Merapi , b. Volcano Kilud 
c Volcano Semeru, d. Volcano Agung 
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USE OF STABILIZED ADOBE BLOCK AND CANE IN CORSTHOCTZCM 
OF LOW-COST aOOSING IH PBRO 



by 



s. G. B'attal 



Structures Section 

Center far Bmldmq THchnology, lAT 

National Bureau of Standards 
Washington, D.C. 20234 



A description of the use of adobe block and cane for construction Of l0¥- 
~,t housing in seismic areas of Peru is described. 



Key Words: Adobe; cane; earthquake; housing; Peru; technical aid. 
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INTRODUCTION 



The May 1970 Peruvian MXthgu^ikc <iffect«<l an aroa of 93,000 square kllometerE (7% of 
Peru's land area) and an estimated population of 1,700,000 (13% of the country's total popu- 
lation). Casualty estimates were 50,000 jujil uil killed and 100,000' pcnjcr.s injured, and 
loss of material resources was over §500 million. Traditionally, adobe has been, and con- 
tinues to be, widely used in Pen for housing and other construction. Since a significant 
nopber of the structures in the are« affected by the earthquake were built of adobe* noat of 
them were destroyed or severely damaged. 

In recognition of the need to provide adequate protection against natural disasters, 
a cooperative program was initiated between financial and technical institutions of Peru and 
the United States. The primary objective was to develop better quality shelters for low- 
inoans occqpancy through the use of improved seismic design procedures and construction 
materials indigenous to Peru. The participants in the oooperativa program were: 

1) The United States Agency for Xntematiooal Development Mission in Lima, Peru (AiD>, 

3) The Ministry of Housing and the Housing Bank of Peru (MOB, HBP), 

3) National University oi £xj jxii^i^i ii^s^ xn Lj.;i.a, Peru (NUE) , 

4) National Bureau of Standards, Washington, D.C. (NBS) and, 

5) The International Institute of Ho(»lng Construction, California State University, 

Fresno, California (IIHT). 

The program was financially supported by AID and the Peruvian institutions and was iorple- 
nented in two stages. Stage One consisted of research and testing activities for the devel> 
opaient of adequate soil stabilisation methods, and establishment of acceptable structrurni 
standards for improved seismic-resistant construction. Stage Two consisted of designitij 

and constructing two pilot housing projects, using the improved adobe materials and techni- 
ques developed in Stage One, in two selected communities which were affected by the Hay 1970 
Peruvian earthquake. 

The two pilot housing projects (one in the coastal town of Hepena, the other in the 

town of Huaraz located in highlands) inc l jdu J on-site pr .viu::tion of oil -stablized adobe 

block and the construction ot prototype housing units. A major emphasis was placed on train- 
ing the conmiunity in self-help construction methods. 



EXPERIMBNTAL PROGSAM 

All program-related testing was conducted by NUE staff using locally available con- 
struction materials and testing specifications prepared by NBS, with IIHT st^)plying techni- 
cal documentation, instructional material, and supervisory assistance for the pr^aration of 
oil-stablised adobe blodc masonry. 

The experimental work consisted of testing small specimens of masonry in axial compres- 
sion, diagonal compression, and flexure. Two types of cane (Carrizo and Cana Brava) , which 
wcr<^ tontcd in tension, wcro split lengitudinally and Mr.o.ei ^r. rt^i nfnrrnmnnt in the Btablizcd 

block specimens. Load-deformation measurements were obtained by means of dial gages attached 
to the specimens, the program also included full-scale racking tests on five large-scale 

walls, direct shear tests on small prisms, pullout tests on cane embedded in cylindrical 
blocks and miscellaneous other exploratory tests. The NUE tests results were utilized to 
evaluate strength and stiffness properties for use in tiie design of the prototype housing 
units. A summary of conclusions follows t 

1) The stablized block specimens developed an average compressive strength of 
13 kg/cm , an average shear strength at zero axial load, o£ 1 to 2 kg/cn , 
depending on the type of mortar used, and an initial modulus of elasticity 
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in comprossion of 2000 ktj/cin" w)^ich is abo'it 150 Limes the compressive strength. 
The tensile strength o£ unreinforced block was insignificant. These results in- 
dicate that oil stablisation of adobe block does not appreciably increase or de- i 
crease its strength properties. Vith thess low valueSr it was concluded that ■ 
adobe construction should be limited to single-story units. 

(2) Block stablisation with rapid-curing road oil (f<C-250> produced superior quali- 
ties with regard to waterproofing, abrasion resistance, durability and thermal 
insulation, thm proportion o£ stabilizer was between one and two percent depending 
on the quality of soil used. 

(3) The two types of f^^ne tested in dire(;t tension devtiloped n tensile capacity of ^ 
1000 to 1400 kg/an and a constant modulus of elasticity of about 200 x 10 kg/cn 
throughout the entire loading range. This was about 150 times its strength and 
100 times the initial modulus of elasticity of the block specimens. Tests also 
indicated that it is difficult or impossible for cane to (icvclop this high tensile 
cap>acity in bond with adobe mortar although a significant improvement in bond was 
effected by using split cano in the pullout tests. Partial loss of bond and local 
cracking of mortar which was frequently observed was attributed to the expansion 
of cane by moisture absorption from the surrounding nortar. Stabilieation of cane 
by coating it with a layer of asphalt solution eliminated mortar crackinq but it 
also tended to reduce its bond strength. The effectiveness of split ca:it ai» a 
reinforcing material in stablized wall construction is piredicated on its adequate 
protection against prolonged exposure to adverse environmental conditions such as 
Boiature or insect infestation, and its ability to retain initial bond character- 
istics. 

RLiearch and testing covered many other aspects of housing construction, including 
foundations, roofing systems, floor surfaces, paints, and other finishes. For example, the 
nawly-davaleped stablized soil was tested for use as a roofing cover com})ined with cane, to 
plMvida an economic, light, durable, and easily reparable roof cover, offering a high dagraa 
of thermal Insulation; tiles made with stablized soil, colored or plain, offer an effective 
and economic solution for floor surfacing; use r,r r.'i' lized soil with gravel in foundations 
provides adequate protection against exposure to adverse environnental conditions. 



DfiSXCN AND OONSTRDCTION OF PROTOTyPB HOOSING tlHITS 

The prototype houses were designed and detailed in accordance with well-documented prin- 
ciples of improved seismic construction practice and on the basis of the experimental know- 
ledge acquired in the first stage of the program. 

The basic constituents used in the construction of these housing units ware stablisad 
soil, stablized block, soil-cement-asphalt mortar, cane (split or whole), and wood. A 

typical unit consists of a four-room single-story box type structure (fig. 1), with load- 
bearing walls and partitions of cane-reinforced stablized block masonry construction, and a 
one-way wood joist roofing system covered with a mat of closely spaced whole cane, laid 
across the joists, and topped with a 2- to 3-cm layer of stablized soil mixture (fig. 2). 
Corrugated asbestos cement roof cover Is used as a sid>stitute material for cane in iregions 

w'ncirfj cane ic scarce. A pair of : rr-f- ; -1- r-i.vf;-: are fastened to the ro-f i-ii-;^;=. 'ro help distrj- 

butt lateral seismic forces throu^Ji uiaitadjni action. The floor arga is approximately 65 m . 
To help partial deferment of initial costs, a two-roon unit of 32 HI floor area nay be built 
initially and expanded to full-sise at a later date. 

Hie fabrication and curing procedures for the stablized block %rore in accordance with 
recommendations developed and documented by I HIT for this program. The blocks were produced 
by pouring stablized soil into modular wooden forms on flat ground. The fonns were then 
removed and the units were sun-dried for a period of thirty days. Circular cores in the 
units permitted construction of a Single-wythe wall in running bond With the holes aligned 
to accommodate vertical aplit-cane reinforcement in both faces and at equal intervals (fig. 3). 
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The size of the block, which was made 38 cm square and 9 en thlck^ was govvxned by Ot» eonpraa** 
sive strength requirements of a one-story high wall. 

The morcar in wall construction was one of three- types used in tlie tests: M-1, M-2, and 
M-3. Tho proportioning of all mortar constituents were made by weight. M-1 mortar consists 
of soil mixed witli two percent Rapid Curing Road Oil, RC-250, and is identified by the symbol 
S-2, M-2 jnortar consists of one part of Portland Cement, ten parts of soil, and one percent 
BC-2S0, and is idan<:ifl«d by the syvbol 1;10-1. N-3 nortar consists of one part ooNiit, six 
parts soil, four parts sand, and one percent RC-2S0 and is identified by the syndiol l:f6, 4)-'l. 

The cane used wa^ one of two types: Carrizo had a hollow core and a hard shell; Carifi 
Brava had a solid fibrous core. BoLli canes were typically :j to 3 cm in diameter and 3 mn in 
shell thickness. Thoy were split longitudinally and were used to reinforce the walls both 
horizontally and vertically f and to provide connection between the various elements of the 
system (fig. 3). 

The shape of the housing units, tlie arrangement of walls, partitions, and openings con- 
formed as much as possible to a balanced layout confiqurdtion in order to optimise the uni- 
formity of seismic stress distribution (fig. 1) . A rectangular plan, with as close « doubly- 
symmetric configuration as possible, was adopted. Syimnetrlc enclosures of horisontalXy curved 
walls used singley or in combination with flat walls were also investigated. 

Interior partitions were designed as structural loadbeating walls. This practice helped 
decrease the roof weight by reducing its span length, and increased the total lateral shear 
resistance of the system. 

The size and spacing of openings were governed by requirements of minimum width of piers 
flanking adjacent openings or an opening and end of wall, maximum permissible length of lintels 
spanning across the top of opening, and uniformity of overall layout (fig. 1). 

Footings were made continuous under the walls and vertical dowel reinforcement was pro- 
vided to develop partial continuity with the walls (fig. 4) . These dowels were lapped with 
vertical wall reinforcement for a minimum length of 50 cm. The foundation was cast using 
specified proportions of cement, stablized soil, gravel, and rock. The width of footing vaa 
set at l.S times the wall thidcness. An SO cm depth was used, witii 20 cm projecting above the 
ground level. 

To the extent that was pratL il, the sizes of door and window openings were kept to a 
minimum and provisions were mauc to equalize the spaces between openings or an opening and the 
vertical end of wall, nevertheless, because critical Stress oonditions under later loads could 
develop around these openings, it was important to use special reinforcement detailing provi- 
sions in these regions. Specially cored half and whole block units mre used at both vertical 
edges of the openings to accommodate vertical cane reinforcement at those locations. The cane 
was carried through the openings of a ladder-type double joisted lintel and this space was 
filled with stablized soil mixture. Horizontal cane reinforcomont was also provided in the 
bed joint directly below the sill and carried through beyond the openings on both sides. 

Consideration was given to critical stress conditions that could develop at vertical wall- 
to-wall joints, especially near their top junction where tensile cracking usually begins, and 
then propagates downward. Special detailing provisions weru ;rai>j oL-^ain continuity between 
abutting walls. Such junctions wore marked by projections beyond exterior wall surfaces (fig. 3). 
This was done primarily for two reasons : (a) to give sufficient anchorage length to horizontal 
cane reintorcenent by extending it beyond the common joint area, and (b) to provide for future 
wall ttxtansion. Half blodc units in alternate courses may be pried loose and removed to pexnit 
running bond construction of the wall extension (fig. 3) . 

The most important seismic consideration in roof design was to provide Sufficient in^ 
plane stiffness so that it can adequately transmit lateral forces to the appropriate shear 
wells through diaphragm action, the roofing scheme (fig. 2) used for the prototype housing 
units consisted of equally spaced wood joists of rectangular cross-section sipanning in one 
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dlrectlonf overlain crosswise with a closely spaced mat of cane mechanically attached to the 
joists below, and topped with a 2 to 3 cm stabllzed soil mixture. Diaphragm rigidity was pro- 
vided by wood cross-braces spanning ir. th<= two diagonal directions and were mechanically 
fastened to the wood joists at all intctasicting points. Joists were also provided along Che 
top of the walls. These joists, which formed an integral pert of the roof assembly, were to 
be attached to the walls by mechanical fasteners in order to adequately transfer the hori- 
eontal forces to the appropriate shear walls, in addition, all other intersecting wood ele- 
ments were attached to each other at their functions by using mechanical fasteners (thin nails 
for attachment of cane mat to joists below were used to minimize the chance of longitudinal 
splitting of cane). All roof segments, such as the two segments of the doubly-pitched roof, 
were attached to one another so that the entire roof of the house would act as an integral 
unit. 



Among the more important features of the model houaii.q unn are their improved capacity 
relative to the traditioi.al adobe house to withstand the action ot earthquake forces, and the 
reduction o£ cost obtained relative to the cost o£ conventional construction. This economic 
breakthrough was achieved fay the use of inexpensive construction materials readily available 
in Peru (soil, cane, lumber, oil derivative}, and by the adoption of self-help construction 
techniques to which the new system is particularly suitable. For instance, the cost of 
buildinq natorials icMjuiiC'J lor the .oi-.struL tion of a basic housing unit of •25 iq ft of 
covered area was the local currency equivalent of 350 dollars, which is about one- third as 
nnidi as the oonstruction cost of conventional building materials. 

Thus far, the results of this experiment have been encouraging and have received official 

Peruvian recognition. The Peruvian Housing f'inistry is presently planning to start a larger 
housing project in Nepena comprising approximately fifty units. In addition, new building 
sites for similar projects elsewhere in Peru are presently being selected. The Peruvian 
Building Code is currently being amended to include new standards and specifications for 
addbe construction, this will permit insurance oompanias to place insurance upon improved 
adobe jftructures and ronsequent-iy pnahip the Peruvian Savings and Loan industry to make mort- 
gage loans to finance such construction. 



CONCLUSIONS 
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WAa-TO-WALL CONNECTION DETAIL 



HORIZONTAL SPLIT CANE 




FIGURE 3 
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REQUIREMENT FOR WALL FOOTINGS 




FIGURE 4 
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A OCMNEKT OW VKE TECHMOLOGICM. AID TO 0BVBU»IH6 GaOHTKEBS 



by 

M. Sagao 
and 

T«d«yo»bi ofcvbo 



Struoture and Bridga Division 
Public Works Kaseardi ln«tltut« 



This paper describes the technological aid required in developing countries, 
after a natural disaster, as observed by the writer during surveys o£ storm and 
earthquake disasters in these developing countries. 

The writer classifies the aid required after a natural disaster into three 

c'ateqnr i , that if,, emergency aid, te-;;hr.olrjri cal ai.l, and economic aid. The 
prooiems related to the scientitic and technological areas in the developing 

oountriae after • natural disaster are disousaed. 

Hie tedmological aid is classified into short and long tem aid. 

Finally, the problesis related to the required technological aid discussed 

and then the necessary Governmental policy which has bae.-i prepared for inplenanta- 
tion of a low-cost and disaster resistant housing system is described. 



Ray Mords: earthquake; Japan; natural disaster; storm; structural engineering; 
technological aid. 
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INTRODOCTION 



Accordinq tc tiie re-ci.tly devulypesi hypothesis of plate tectonics, every foci of major 
r-arthquakec are coricc-r. traced ii; thu peripheral zone of the plate and distributed on belts 
along the peripheries. Most of the countries located near the seisnio belts with the ex- 
osptlon of J«ipan« United States r Kew Sealend, Soutit-BuxppMn ooontries, and the U.S.S.R., 
are deveXopiag eonntrlee. 

Also, damage caused by the world's strongest WindSf such as typhoooSf qyolonas, and 

hurricanes, occur in the developing countries. 

Xn the past, the writer has gone abroad five times to suxv^ damages caused by natural 
disasters; in particular, a damage survey of Typhoon 'doling* in the Philippines in 1970 
as a member of UNESCO ?i;rvey Mission, the danage survf^y of the San Fernando Earthquake in 
the United states, and Bingol Earthquake in Turkey in 1971 as a nonber of the Japanese 
Gowam i sntal survey Mission, and the damage survey of the Chili Bartiiquake in Iran and 
Nanacptta Bazthquake in Nicaragua in 1973. Hith the ^jcception of the San Fernando Earttaqnaka 
in the Onlted States, all of the natural disasters • mentioned above have taken place in tiw 
developiriLj couMtrjes;. Im ihis papar, the writer will discuss the required tedmologieal 
aid to the develoj-iny cuujitxies in relation to the natural disasters. 

in general, rehabilitation projects perfomted in the developing countries are apt to 
trice a long tine when these countries suffer daniges. This is because of the lade of high 

technological expertese, lark of repair and rehabilitation materials, especially funda- 
mental materials such as steel and cemont, and lack of fxmds and capital necesseury to im- 
plement the rehabilitation work. Therefore, these countries have requested aid from 
foreign oo\mtries, especially after the disaster. 

This kind of aid consists of emsr^ency aid, tedinologieal aid, and scononic aid* 

Thu cmergijiicy aid that has bfjen recuested imni'-'diately atter a natural disastor con- 
sists of donations of relief materials such as nedlcine, clothes, and food. Emergency 
reconstruction materials, tanperary houses, and water filtration apparatus are also re- 
queated. 

The tachnological aid consists of dispatai. ir.g of scientists and engineers to supple- 
nent the present technological level of the disaster countries, the offering of instruments 
for scientific and technological observation and research work, training and education of 
people in the disaster countries, offering of restoration materials and the recommendations 
and cooperation on restoration planning, in addition to the above, svnplles for tht oon- 
Btxuctlon Industries and life-line q^teits ard included in the tedhnological aid. 

The economic aid consists of offering and loan of restoration funds and <iid for re- 
habilitating eoononic axtd social damages caused by the disaster. 

This p^per will deal primarily with the tedmologieal aid as svfpplied to the various 
countries . 



GENERAL SITOATIOM Of OBVBLOPING COUtrTRIES 

The technological level in developing countries is insufficient and of low caliber. 

Among the countries the writer visited, there were countries whore educational It vtures 
on earthquake engAuearing and structural dynamics at universities were in&de^ujtii. AI1.0, 
lectures on wind engineering were non-existent. Similar research work in these fields of 
engineering and design code and standards of wind and earthquake resistant structures to- 
gether witii standards of testing and materials are usually poorly established in the de- 
veloping countries. 

In the developing -ry.intries, students who inCfind to take advanced courses are gener- 
ally educated in other (develorped) countries. However, domestic construction materials. 
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such as steel and concrete, are neager and nost of the materials are Incwrted from the de- 
veloped countries. Th<>ref or*; , invineerH, who are educated in a developed country where 
natural disasters such as heavy atorms and earthquakes take place, design structures which 
are based on the wind and earthquake resistant design codes and standards and inaLerialS 
and testing standards of that country and, therefore # prefer to use materials whi<^ are 
Imported. Engineers, «dto are educated In a developed country i4iere natural disasters 
scarcely occur, design structures based on the design code and standards in the country 
without considering the effects of natural disasters and prefer to use matsrials in^rted 
trem. tJie country idiere they were educated. 

Therefore, in developing eountsries It is very difficult to establish their own mater- 
ials and design standards, and toge^er with the economic scale, tiie existing design system 

Is kept. 

When an earthquake disaster takes place in one of these countries, tho following dif- 
ficulties occur: 

(1) Because seismic observation stations aire not existant or sparcely located, the 
location of epicenter, fOcal depth, and magnitude of earthquake cannot be esti- 
mated. 

{2) Because there is almost no observation and research on the tectonic movement, 

the cause and medinism of the earthquake cannot be determined. 

(3) There are few skilled engineers who can judge seismic intensities and estimate 
isceeisnals. Especially in the case of shallow earthquakes directly under a 
populated city, distribution of israeisiiiBls is ooaiplicated and difficult to 
estimate. 

(4) In most cases, there are no strong motion accelerograms and the characteristics 
of ground aeoeleration -and time duration are not clarified. 

(5) Data on ground cmditions is scarce and the estimations of tlie anplification of 

the seismic motion of the ground condition, the relaticmship betMSen damage, 

and the ground condition is difficult. 

(6) Because there are no standards for materials and construction methods and because 
laborers are not ricilled, tiie quality of tJie structures Is not uniform end tits 
estimation of structural resistivity is difficult. 

(7) ihe cause of structural damages is net accurately analyzed. 

(6) The estimation of the bearing cepacia, safety of damaged structures, and the 
selection of the restoring metliod ma difficult. 

(9) licick of risk analysis of earthquake causes trouble in the establishment of 
restoration planning and of earthi^uake resistant design steuidards. 

<10> Materials for emergency teiqporary structures and resoration are difficult to 
obtain, ^arAfor*, tho reconstruction %rark is difficult to initiate. 

However, storms are frequently accoiapanied by torrential rains, therefore, the follow- 
ing difficulties take placet 

(1) The meterorologloal observatories- are sparoely distributed, therefore, the path 

of the tropical cyclone, maximum wind veloei^, and regicKial distribution of 

wind velocity are not known. 

(2) There are few engineers skilled in the analysis of storm damage of structures, 
therefore, the estimatlcm of the actual wind loads based cm the mode of damage 
is difficult to determine. 
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O) Amnonttars are not iiUitalL«d« thrnxmeaacm, th* vartlc«l pcofil« and tlae variatian 
of the wind speed la not knoMn. 

14) ne .vj j' nai y of thu zivets beooaM Wild, the daaagaa to stcuctnras are due to both 

stoims and floods. 

(5) There is a lack of estimation on the return of strong winds, thus causing troubles 
on the establishment of the restoration planning of wind resistant dosiyn staiidorda. 

In addition to the above, difficulties sinilar to Items (6), (7), (8), and (10), xela- 
tiva to earthquake haaards, alao take c»laoe. 



The technoloQieal. aid that la carried out for 8V|pplea»niting the diffiorjltlea owntioaed 
in the previous section and la required for aavlng life and property of people in the de- 
veloping country will now be described. 

The technological aid is classified into a short-tL-m aid, which is carried out ionwd- 
lately after the disaster, and a Long-term aid, w>.ich is carried oot dnriag a reetoratiOB 
period and conaists of supplying apecialiata and aaterials. 

The firat of the ahort-tem technological aide ia tt» diapatoh of speelallata oonaiat- 

ing of; 

A. Seinologist, geologists, geophysicists, soil and foundation engineers, structural 
engineers (boilding, bridge, daai) , and wnlbers of a fire brigade in oaae of oartb- 
giiake danage^ 

B. Meteorolo ji l; L , ciiinaLoloyist , Gtructural engineers (building, bridge) and power 
transraission system, soil and foundation engineers, and river engineers in case 
of trind and flood danage, 

Iheae apeoialiata are supposed to carry out tJie folloMlng teaka in oocperation with Uieir 
OQiBitaqterta in tin daveloping eountiy. 

1. in the field of earthquake haxarda, 



Obaervation and aeaatirawnt of cruatal alteration and ground rupture oanaad 
by the eartJiqaake. 

Analysis of the mechanism of earthqoakea and dyaandc charaetariatica of ground 
layere by observing aftershocks. 

Estimation of the location, magnitude, and geoteotonioal cause of the main 

shock and the estimation of the seismiclty of the area In the future. 

Observation of the ground accelerations of strong aftershocks by strong motion 
aeoelerographs . 

Survey of the soil oonditlone in the damaged area by eolleeting soil data, 
s.:ui[ llMg and testing of the aoil at the aitea by aiaplified Sampler, and 

measuring save velocities. 

Survey of the distribution of seismic intensities in the damaged area. 

"valuatinc the local characteristics of structural building ^pes and ■ateriala 

and deterffLining the cause of the structural damage. 

Observation of the dynamic characteristics of the damaged and undamaged struc- 
tures end ground. 
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Evaluation of ttaa eeisnic rlek in the area. 

2. in the field of storm and flood hazards, 

Estiaation o£ the path, maxifflum wind ve;lacity, traveling velocity ot Lh& 
trofiicl cyclone, and the vertical profile of the wind velocity. 

Bvaluating the local charaeteristiee of the strue^uaX bollding types and 
DMterials and detemining the actual wind loads and came of danage. 

Estiinatiion of the distribution Of rainfall^ aaxiima flood discharge , and 
other hydrological data. 

Proiposes a plan for river inprovenmt and flood control. 

3. Xn the field cosnon to eerthquake and atom hasaxds. 

Draft a eodsr standards , and system for insuring structural safety against 
natural disasters. 

Ijiaft qui d<:-lir4i:-£, on eot iir.iiti'jr. of tlic L-afoty of dairjaged structur-jy, mc-thods 
of repair, and reconstruction work, and a principle for restoring the damaged 
cities. 

Establishment of future teduiolgoical aids necessary for t^e disaster oountzy. 

In order to iispleraent these surveys and works, it is necessary to send specialists 
with the necessary instruments after the disaster: also to offer soms of the instruments 
whidi can he left to continue effective observations and BeasareaeDts. 

The long-term technological aid consists cf (1) reconnenda-^ion and cooperation in the 
area of restoration planning, re-education of the engineers in the developing country and 
guidance on the establishment of standards and systems for securing structural safety 
against natural disasters fay sending specialists for a long period, (2) acceptance and 
education of trainees from the disaster oeuntxyf (3} offering of contruetion materials 
nece^^saify for restoration, and (4) technological cooperation on the industrial facilities 
of fundamental construction niateriais. 



The technological aid from Japan to the developing countries is made possible by 
Goveraaiantal grants. The problnis involved in implmenting such grants are as follow. 

Problems in the Process of Determining Technologic Aid 

(1) Generally social disorder and confusion take place in the damaged area of the 
developing countries, thus scndir.g foreign teams to survey the danage nay be 
rejected. Thus, before sending a survey mission, an outline of the technologi- 
cal aid other than the damage survey should be determined so as to permit a 
broader activity of mission, as outlined. 

12) TYio etfccLs of tha recommendations of the emergency survey mission ar^ increased 



hrhen the dispatch of the mission is imnediate and the amount of the aid is large. 
Zt is, therefore, desirable to dispatch the mission as soon as possible. 

xn the 1972 Managua Bartfaquake, survey tesms from tiie United States and Mexi- 
co visited the city within three days after the earthquake and started the sur- 
vey work. In the case of our country, it takes at least five days for the clears 
ance of passport and visa, %«hicb may result in delaying tiie start of lAe survey 
work. 
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(3) When the dispatch of the survey mission is accororameri by other tr chr.ci loqicdl Aid, 
the mission is welcomed by the disaster country. Because of the confusion in the 
disast r ountry, innedlate oow m a n i cation will be difficult, but accaptanca of 
the mission will 



After the earthcuake , Managua was declared an open city, and as a result, 
imnigration clearance was omitted. There was a complaint as to why Japan hadn't 
sent emerqonzy relief teams, including medical teajns, immediately after the earth- 
quake. Also, when our mission visited General A. Somoza, President of the National 
emrgency OomHlttee, he ehowecl his deep interest in aid from Japan. 

(4) Instruments and materials necessary tor tne survey work should be previously pre- 

l»ared and carried by the survey mission. 

After the Kanagua Earthquake, survey teams from the U.S. and HaxLco carried 

their instruments tc thtj si to and carried out their observations and testing. 
Thest; instruments should he i.j.i;.plied by the organizations to which the specialists 
belong and should be carried by them to the disaster area. It is also desirable 
to send emergency relief materials, such as medicine, medical instruments, clothes, 
food, and amsrganey temporary booses required by the victims, iheaa emarganey 
relief materials should also be reeerved in case of domestic dleaatera. 

(5) The Gur/ey mission should bo furnished with sufficient funds to pay for necessary 
ejqpenses to conduct the stirvey, swh as purchasing data, hiring cabs, and inter- 
preters* etc. 

Problems on the DasMge Survey 

(1) Even in case of domestic disasters, survey teams must bear some inconveniences 
such as lack of food, potable water, and hotels in the devastated area. In the 
case of natural disasters in the developing countries, these inconveniences will 
be doubled due to differences in living habits. The writer has had e^^erience 
in lodging in a tent and a room of an office building in the course of conducting 
a damage survey in developing countries. In the damaged area, the survey team 
bear the living flonditiona the rasidants bear. 



(2) tb» everts should understand at least one foreign language aomaon in the 

area. In the developing country to find people who can understand a foreign 
language, especially in the area apart from the center of administration and cul- 
ture, is difficult. Without landerstanding the foreign language, no communication 
can be carried out between the people of the victim country and the technological 
aid. Because the objective of Mdi eiqpert differs in carrying out the survey 
work, understanding of a foreign language by each eiqpert is indispensable. 

(3) Ej^erts roust be patient if necessary materials cannot be obtained. In the luvol- 
oping country under military administration, it happens that even a map cannot 

be obtained, much less drawings of damaged structures. In such a Casa, the abil- 
i^ to cooBunicata with the people of the victim country will cause a difference 
in the results of the survey and the effaetivaQaaa of aid. 

Problmns o£ Lung-Term Dispatch u£ Exyaxts 

A system of long-term dispatch of eiqperts should be arranged. Usually, a long-term 
dispatdh of ei^rts is requested from developing countries at the occasion of the emargan- 

ey survey. HoMever, in our country, quite a few experts want to stay longer in a foreign 
country. On the other hand, there is no sabbatical leave system at the universities. 
Therefore, the technological aid is sometimes interrupted, although the long-term dispatd^ 
of experts is eagerly requested by the developing countries. Reconsideration by both 
govarnmantal erganlaatlen and esqpects is requested. 
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CONCLUDING RSMARKS 



Mast of the technological aid to the developing countries is carried out as part of 
a Governmental policy in Japan. Romver, natural disasters take place without warning; 
therefore, a sy.sten of technological aid on natural disasters in the daveloping countries 
oust be prepared and established previously by tha Govamment. 

According to the mitet's e^q^rience, dannages in the developing countries are charac- 
terized by the following. 

Daniage o£ buildings, aspeciaily residential houses, is dominate; damage o£ 
public works is not as severe. 

Collapse of residential houses causes a great loss of life. 

Most buildings are built of local xaaterials and by local methods of construc- 
tion » and therefore, lade the resistivity against disasters and are apt to 
collapse. 

Residential house construction is hard to change because of ample labor power and 
retention of their traditions. These houses are constructed of materials easy to obtain, 
are easily built and have good insulation capacity, but possess low resistivity against 
natural disasters* Therefore, in these countries, the devalppaent o£ low-oost houses of 
aiiple resistivity and heat insulatiMi capacity i* needed. A study and development of such 
a lew-cost house is also necessary in Japan. 
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